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ABSTRACT

Author: Tonner, Troy, C. MSABE
Institution: Purdue University
Degree Received: May 2018
Title: Understanding the Effect of Extrusion Conditions on Melt Viscosity to aid in Modeling of a
Single Screw Extruder with Internal Restrictions for Scale-Up Purposes.
Major Professor: Martin Okos
A single screw extruder with inner restrictions that is self-heated by friction and viscous dissipatio n
was investigated. The effect of the processing parameters: feed moisture, screw speed, and feed
rate on the melt viscosity and die temperature rise were researched using a dual orifice die. The
melt viscosity was also measured using an offline capillary rheometer.

The offline data was

compared to and used to predict the inline viscosity of the melt. Various methods such as multilinear regression and superpositioning were used to model viscosity as a function of the processing
parameters.

Next, the current analytical model was evaluated using Finite Element Methods

(FEM) paired with the Newton-Rhapson Method. FEM was then used to further the current
analytical model to consider 2-D flow as well as nonlinear temperature rise along the screw
channel. Overall, as the screw speed increased while maintaining a similar degree of screw fill,
the melt viscosity decreased and the temperature rise increased. Comparisons to the offline data
at higher moistures were made, but not at lower moistures due multiple dependent variables
producing nonlinear behavior along with scatter in the data.
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CHAPTER 1. INTRODUCTION

The screw extrusion process is the conveying of a material through different temperature and
pressure profiles by the turning of a screw(s). The efficient process can produce a high
throughput of various products and shapes causing it to be adapted from the plastics and
polymers industry to the food and pharmaceutical applications. The adaptation has resulted in
extensive amounts of research due to the effect of extrusion conditions on the complex,
heterogeneous food systems. Various measurement techniques and models have emerged to aid
in optimizing and scaling of extruders in hopes of reducing the amount of costly trial and error
methods. Most techniques and models are centered around understanding the effects that process
parameters have on material characteristics such as melt viscosity. The melt viscosity is a
variable dependent on processing parameters that plays a major part in the generation of heat and
shear, which in turn can also affect the melt viscosity, resulting in complicated cyclic behavior.
Developed models that account for the complex geometries occurring in extrusion, which
include the complicated behavior of the melt viscosity, are key to the continued improvement of
the extrusion process (Campanella, 2002).

1.1 Single Screw Extruder with Inner Restrictions Background
A single screw extruder with inner restrictions that has a max throughput of 30 kg/hr was scaled
down by Purdue University (West Lafayette, Indiana) in conjunction with Insta-Pro International
(Des Moines, Iowa) from a 300 kg/hr extruder of similar design. The development and scaling
process consisted of various ratios of different geometries and dimensionless numbers, which
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proved to be rather complicated, and was laid out by Penner in 2008. The extruder screw design
is shown in Figure 1.1.1 and dimensions are given by Penner.

Figure 1.1.1: Schematic of the screw design (Hauersperger, 2017).

The inner restrictions are designed to increase the amount of pressure build up and heat
generated through viscous dissipation. The extruder does not have any external heating or
cooling capabilities on the barrel. All heat is generated from viscous dissipation making it
complicated to predict and control product characteristics. However, it makes the extruder
extremely efficient and versatile in that it only requires power to turn the screw. The extruder is
currently being used in developing countries that resulted in a previous project for ready to use
therapeutic foods described by Ponrajan in 2016. However, the original development design was
for the National Aeronautical and Space Administration (NASA) to process food in space.
Unfortunately, the current size of the extruder is too heavy, and therefore costly, to be sent into
space and current industry needs are for a large-scale extruder. The current method for finding
the correct processing parameters for a product is based on trial and error which can be time
consuming and expensive. A model is needed that can be used as a scale up tool and prediction
tool for operating conditions.
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1.2 Importance of Melt Viscosity
Cereal grains are commonly extruded through the single screw extruder as pellets, grits, or flours
mixed with water. The materials start out highly viscous generating high amounts of shear and
viscous dissipation that heats the extruder and material causing the wet grains to transform from
a wet powdery mixture to a viscous fluid, which is referred to as the melt (Campanella, 2002).
The melt forms from high temperatures and shear stresses causing the denaturation and
disruption of proteins and carbohydrates in food. Too high of a viscosity could generate a large
pressure gradient which may restrict the material from flowing through the extruder and would
cause high temperatures that could cause the material to burn inside the extruder. Too low of a
viscosity could result in undercooked products or even large amounts of slip that are unable to
grip to the screw and be conveyed through the extruder. The viscosity of the material determines
many of the process parameters in the NASA extruder that are set and controlled in other
extruders by heating elements and building screws with various geometries.

The material starts from a powder like substance to a melt that demonstrates that viscosity is
influenced by multiple processing parameters which has been studied extensively (Lai, 1990;
Ponrajan, 2016; Gomez, 1988; Harper, 1971; Fletcher, 1985; Robin, 2010-2012; Li, 2004).
Some of the parameters that affect viscosity such as shear rate and barrel temperature are
dependent on viscosity creating a cyclic behavior, which makes the extruder hard to predict.
However, measuring the melt viscosity in the extruder is not an easy task (Morgan, 1978). In
addition, it requires extensive research time and large amounts of sample.
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1.3 Problem Statement and Goals
A model is desired that can be used in the development of single screw extruders with various
inner restrictions and geometries. The model should be able to manipulate screw design and
predict the temperature rise, pressure profile, velocity profile, and final viscosity of the melt
exiting the extruder by knowing input material composition, screw speed, feed rate, and the
material viscosity model. The current goals of the project to one day create such a model are:
1. Use offline capillary rheometers, inline rheometry techniques, and analysis methods to
understand the effect of process conditions on the melt.
2. Use various viscosity modeling methods to predict the inline viscosity from offline capillary
rheometers.
3. Use finite element methods to further the current analytical model that is restricted to
simplified assumptions.
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CHAPTER 2. RHEOLOGY DETERMINATION USING AN OFFLINE
CAPILLARY RHEOMETER

2.1 Introduction
Rheology is how matter deforms and flows. How far a material deforms from an initial distance
over a given time interval is referred to as the shear rate and is caused by a given shear stress.
How much the material deforms or flows for a given shear stress is based on the viscosity of the
material. High viscosity fluids require larger amounts of torque and power to cause them to
flow. Inputting more energy into the system will enable a number of different things to occur:
higher flow rates, higher temperature rise, and endothermic processes such as starch degradation.
The higher temperatures, flow rates, and degradation can cause for restructuring, organization,
and even molecular fragmentation to occur which results in a change of viscosity. The result is a
non-Newtonian material with shear thinning behavior. However, the change in viscosity of a
food material such as starch is not by shear thinning behavior alone. Research has been and must
continue to be done to understand the effects of operating parameters on viscosity (Ponrajan,
2016; Wang, 2010; Sandoval, 2007; Zhang, 2015, van den Einde, 2004). In addition, it is crucial
to understand what is happening to the starch during these various conditions and relate them to
the change in viscosity. How the viscosity changes and what is happening to the starch
molecules will enable more accurate models to be created to aid in extruder design (Campanella,
2002).
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2.2 Starch Conversion
The definitions of what is happening to starch have changed over the years to encompass
different mechanisms of change. Some of the terms that are found in literature are starch
conversion, starch degradation, dextrinization, fragmentation, melting, and gelatinization. Out of
these terms, there are three mechanisms that are happening during starch conversion:
gelatinization, melting, and fragmentation (dextrinization).

Starch granules are considered spheroids made up of amorphous amylose and amylopectin
regions as well as crystalline amylopectin regions. Amylose is a long, mostly linear chain of
glucose molecules while amylopectin is highly branched chains of glucose units. During
gelatinization, water penetrates the starch granule causing it to swell and leach out amylose and
under certain conditions can cause the granule to rupture and paste. The pasted starch then can
retrograde and begin to create junction zones and crystalline structure under the right conditions.
Full gelatinization requires 14 water molecules per glucose molecule, which occurs at about 61%
moisture content on a wet basis (Wang, 1993). The gelatinization of starch in excess water is
usually best understood by amylographs or pasting profiles that are studied by using a rapid
viscoanalyzer (RVA). A common profile involves a starch in water slurry to be stirred and
heated to about 90C and held for about six and a half minutes and then cooled back down to
room temperature (Bouvier, 2014). Intact starch granules absorb water causing swelling to occur
as the temperature increases resulting in an increase viscosity to a point where the water
molecules begin to destabilize the crystalline regions in which the granule can now paste which
results in a decrease in viscosity (Lai, 1991). The starch slurry is then cooled, resulting in
retrogradation. Starch gelatinization usually occurs between 50-114 degrees Celsius depending
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on the starch used and heating rate used in the differential scanning calorimeter (DSC)
(Lai,1991), which is commonly used to understand starch conversion mechanisms (Wang, 2010;
Biliaderis,1980; Robin, 2012).

Typically intact starch granules in excess water will show only one peak representing
gelatinization. However, two peaks appear, one at gelatinization temperature and a second peak
between 120C to 200C, when the 14 to 1 ratio or more is lacking (Wang, 1993). The second
peak tends increase as the water content decreases while the gelatinization peak area tends to
decrease. Eventually, when the starch is bone dry one peak can appear around 230C depending
on the starch (Wang, 1993). The mechanism that is occurring is referred to as melting in which
the crystalline structures caused by amylopectin chains creating helices are unwinding.
Increasing temperatures and water allow for more thermal motion and stripping of starch chains
from the surface crystallites that enables uncoiling and pasting (Lai, 1991).

Shear can also enable crystalline structures to be disrupted and allow for gelatinization and
melting to occur at lower temperatures in which there is a minimum shear stress to cause starch
conversion without thermal energy (Zheng, 1994). High shear stresses can also cause the long
glucose chains of amylose and amylopectin to break and fragment into smaller chains (van den
Einde, 2004; Colonna, 1984; Davidson, 1984). It is accepted that the amylopectin chains are
more susceptible to fragmentation due to amylopectin being highly branched and having a large
molecular weight (Liu, 2010). Starch conversion changes the viscosity since molecular weight,
molecular weight distribution, and branching greatly affect the viscosity of a material (Morrison,
2001).
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Overall, starch conversion is consisted of three main mechanisms of physical and molecular
modification that can occur in an extruder: gelatinization, melting, and fragmentation. Each
mechanism affects the viscosity of the melt differently, which makes understanding what is
happening to the starch crucial during extrusion and when reading literature.

2.3 Starch and Rheology Analysis Techniques
Since starch is susceptible to thermomechanical processes, which greatly affects the melt
viscosity, it is desired to know how the rheology is changing as the starch changes. Rheology of
food materials can be measured inline (also referred to as online) and offline. Offline techniques
are usually quicker and require less sample. Offline techniques allow the researcher to separate
out different processing parameter effects on rheology more easily. A number of different
rheometers exist. Some are capillary tubes, oscillatory geometries, squeeze flow test, and
capillary rheometers. Each method enables different amounts of shear rates to be applied and
was designed for certain types of products. Different methods measure different rheological
parameters. Capillary rheometers are typically used for powders and samples that are
predominantly dry (<50% Moisture w.b.), such as corn grits, to measure shear viscosity.
(Morrison, 2001) The shear viscosity is said to dominate the flow in an extruder while elastic
viscosity dominates during expansion as product emerges from the die (Campanella, 2002). The
dominance of shear viscosity in the extruder makes capillary rheometers useful tools to model
viscosity and therefore the flow through extruders.
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Capillary rheometers usually have heated barrels or bores to fill product with and then a piston(s)
to push the product through a die at a given rate. This allows the shear viscosity to be calculated
using a number of correction methods and taken measurements. Capillary rheometers have
widely been used to study the effects of product composition, such as moisture, and timetemperature history on viscosity for a number polymers, and food materials (Morgan, 1978;
Zheng, 1994; Le Roux, 1995; Drozdek, 2002; Marin, 2003; Pai, 2009; Sandoval, 2007). The
main problem with capillary rheomters is that they lack the shear history that occurs during
extrusion. For this reason, a number of researchers use a pre-shearing rheometer called a
rheoplast or various shearing methods such as shear cells attempt to approximate inline viscosity
by offline methods (Fletcher, 1985; Vergnes, 1993; Le Roux, 1995; Martin, 2003; Nunez, 2010).
Melt viscosity data is needed to model extruders, but also provides valuable information for
interpreting starch conversion.

There are a number of analysis techniques that have been applied to understand melting,
gelatinization, and fragmentation. Iodine complexing methods, enzymatic digestion, RVA,
birefringence, and DSC can follow gelatinization. Melting is best understood by using a DSC or
measuring birefringence.

Fragmentation is followed and interpreted by a number of methods

that can be either indirect such as intrinsic viscosity, iodine complexing, solubility methods, and
x-ray diffraction; or direct such as gel-permeation chromatography, size exclusion
chromatography, scanning electron microscopy. (Lai, 1991). Various methods have been
applied in literature to study the effect of processing parameters on starch. Understanding the
methods is essential to accurately interpret research and definitions used.
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2.4 Objective
The objective was to use a capillary rheometer to understand the effect of moisture content, and
barrel temperature on corn grits. It was desired to validate previous work (Ponrajan, 2016) and
gain insight on the flow behavior of corn grits. An offline model was desired to be used to
predict inline viscosity. The amount of starch conversion occurring for different moistures at
different barrel temperatures was also studied using an RVA to eventually be compared to
extruded samples.

2.5 Offline Materials and Methods
Dehulled, degermed yellow corn meal (degerminated fine yellow cornmeal M77) donated by
Agricor Inc. (Marion, Indiana) was used by Ponrajan (referred to as previous work for remainder
of this chapter) in 2016 for both in-line and offline measurements. The same cornmeal was
obtained for this work. The proximate composition and particle size of the cornmeal are listed in
Tables 2.5.1-4.
Table 2.5.1. Proximate composition of dehulled, degermed yellow cornmeal used by Ponrajan

Component
Moisture
Protein
Fat
Crude fiber
Ash

Range
11.0-13.5%
4.5-8.5%
1.25% maximum
1.0% maximum
1.0% maximum

Table 2.5.2. Particle size of dehulled, degermed yellow cornmeal used by Ponrajan

Held/Through
Held
Held
Held
Through

US Sieve Size
US #30 Screen
US #40 Screen
US #80 Screen
US #80 Screen

Percentage
1% maximum
20-50%
45-75%
5% maximum
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Table 2.5.3. Proximate composition of degermed, dehulled fine yellow cornmeal used in this study

Component
Moisture
Fat
Protein

Percentage
13.2%
.9%
5.87%

Table 2.5.4. Particle size of dehulled, degermed yellow cornmeal used in this study

Held/Through
Held
Held
Held
Through

US Sieve Size
US #30 Screen
US #40 Screen
US #80 Screen
US #80 Screen

Percentage
0.00
33.16%
64.79%
2.04%

The cornmeal was mixed to 32.5%, 35%, and 37.5% moisture by mixing about 500grams of
sample in a kitchen aid mixer at slow speed for 2 minutes in which water was added slowly to
help eliminate clumping. The speed was then increased to medium up to the point that the
sample would not fly from the bowl for five minutes. The samples were then placed in Ziploc
freezer storage bags inside five gallon buckets in a 40 degree Fahrenheit cooler overnight. The
samples were pulled from the cooler and allowed to equilibrate to room temperature before
running in the capillary rheometer (Rosand 2000). The initial and final moistures of the samples
were found by placing three grams of sample in a rapid moisture analyzer (Mettler Toledo) at
130C for 7-15 minutes depending on the moisture of the sample. Everything was done in
duplicate whereas the previous work was done in triplicate and used the hot air oven standard
method to determine the moisture.
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The Rosand 2000 was fitted with two transducers: 3000 psi in the left bore and 1500 psi in the
right bore. The barrel temperature was varied at 100, 110, and 120C for each moisture variation.
Two capillary dies each 4mm in diameter with lengths of 16mm and 32mm were used. The
32mm was fitted in the left bore and the 16mm was fitted in the right bore. The same size
diameter was chosen based off previous work that only used the 16mm die for this type of
sample material during experiments, but used the 32mm for other sample material experiments.
The same diameter allows the same shear rate to be measured, but different pressure drops
allowing the Bagley correction to be applied which the previous work neglected to do for
comparison sake with an extruder die. About 110 grams of sample were stuffed in each bore.
The pre-test included a prepress at 10mm/min until product was flowing out of both dies; a 10minute hold for temperature equilibration; and finally a 10mm/min press until product was
flowing out again. The testing procedure followed by doing two shear sweeps. The first sweep
was high to low (100, 50, 20, 10, 5, 2, 1s^-1) and the second was low to high at the same shear
rates. The final pressure recorded by the software at each shear rate was set to be an average of
eight pressure readings when variability was within 2% as mentioned in previous work. The
previous work pin milled the grits into flour before experimentation. However, that step was
neglected in this work for comparison purposes to inline measurements with a single screw
extruder. The samples were then placed into a tray dryer oven at 50 degrees Fahrenheit
overnight. The samples were then ground up using a coffee grinder (previous work used a
cyclone mill) until about half of the sample passed through a 60 mesh (previous work used a 70
mesh).
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The pressure measurements were used to calculate the shear stress at the wall by using Equation
2.1.
𝜏𝜏𝑤𝑤 =

∆𝑝𝑝∗𝐷𝐷

Equation 2.1

4 ∗𝐿𝐿

τw is the wall shear stress, Δp is the pressure measured at the wall, L is the length of the die and
D is the diameter of the die. The data was analyzed with and without the Bagley correction for
comparison purposes. The data was collected with the data uncorrected so the corrections could
be done by hand. The pseudo wall shear rate was calculated using Equation 2.2.
𝛾𝛾𝑜𝑜𝑜𝑜̇ =

4∗𝑄𝑄

Equation 2.2

𝜋𝜋∗𝑅𝑅3

Q is the volumetric flow rate, and R is the radius of the capillary. Equation 2.3 is used to find the
wall shear rate by applying the Rabinowitsch correction.
𝛾𝛾̇𝑤𝑤 = �

3𝑛𝑛+1
4𝑛𝑛

� ∗ 𝛾𝛾̇𝑜𝑜𝑜𝑜

Equation 2.3

Note n is defined as n= d (lnτw)/d (ln (𝛾𝛾̇𝑜𝑜𝑜𝑜 ). The apparent viscosity is then calculated as wall
shear stress divided by wall shear rate. The power model was then used to fit the data.

The ground up samples that passed through the 60 mesh were mixed to 11.86% moisture to make
a total sample mass of 29 grams and were then run in two rapid viscosity analyzers (RVA)
following the method laid out by Bouvier and Campanella in 2014. The profile protocol used
was:
1. 960 rpms for 10 seconds at 25C
2. 160 rpms for 5 minutes 50 seconds at 25C
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3. Temperature ramp to 95C over the next 4 minutes at 160 rpms
4. 6.5 minutes at 95C with rpms fixed at 160 rpms
5. Temperature drop to 25C over the next 4.5 minutes keeping the rpms constant at 160
6. Hold at 25C for 5minutes fixing the rpms at 160
The profiles were then used to gain insight to starch degradation occurring from pin milling in
the previous work as well as extrusion conditions in the capillary rheometer.

2.6 Results and Discussion
2.6.1 The Bagley Correction
The Bagley correction was developed in 1957 for capillary dies to account for end effects. End
effects occur as the material transitions from a large opening to a constriction. The pressure
measured is a combination of entrance effects and pressure for flow through the die. Since only
the flow pressure is desired, Bagley’s method was applied as can be seen from the Bagley plot in
Figure 2.6.1.1.
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Figure 2.6.1.1: An example of a Bagley plot.

One method is to subtract the y-axis intercept to the measure pressure drop while another method
is to add an equivalent length found by the x-intercept.

The Bagley correction was applied to the data. It was then noticed that there was error in the
data since the shorter die tended to have higher pressures at times for conditions at higher
temperatures, which resulted in data with a negative viscosity after the correction. The erroneous
data was attributed to the O-rings breaking, which compromised the seal and allowed product to
flow past the piston. The machine assumes a cross sectional area for the barrel which at a
constant velocity gives an overall flow rate. One assumes by mass balance that the flow rate
through the barrel and capillary die are the same that allow then for the shear rate to be
calculated. However, the seal being compromised will lower the true shear rate. 1 mm of
product slipping past the piston will reduce the pseudo shear rate by 30%. Figure 2.6.1.2
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displays the variability added to the data by applying the Bagley correction for some of the data
that did not have a higher pressure in the shorter die.
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Figure 2.6.1.2: Plot of both dies with and without correction. Both dies have the same data points after
the correction.

The Bagley correction makes the data points the same at a given shear rate despite the L/R ratio
for a given run. It lowers the data viscosity since it accounts for the entrance pressure.
However, it tends to cause the data to funnel out as shear rate increases, especially at higher
temperatures for different runs decreasing the repeatability. At lower temperatures, it brings
both capillary die data together with reasonable variability. At some conditions, the viscosity is
almost the same without the correction despite different L/R ratios as shown in Figure 2.6.1.3.
The left bore, which contained the longer die, tended to have a tighter grouping that correlates
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with the theory of O-ring being compromised since the right bore tended to destroy O-rings more
frequently. In addition, the longer die will have a more developed flow lessening the entrance
effects making the data more consistent (Campanella, 2002).
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Figure 2.6.1.3: Comparison of different L/R ratios. The shorter die tends to be higher except at higher
due to larger influence of seal compromise resulting in an actual shear rate then shown and larger
influence by entrance effects.

The results concur with previous work done by Ponrajan (2016) in which the Bagley correction
was then neglected when comparing to the extruder. It is suggested that for future work different
O-rings should be explored and the barrel better lubricated. Also the shear rates can be checked
by measuring the mass flow rates emerging from the capillary dies and then back calculating the
flow rate using density. The O-rings used in this work were Silicone rubber with a durameter
hardness of 70 and Viton that had a durameter hardness of 75. The Silicone rubber held up
better despite the Viton specification sheets claimed better durability at higher temperature and
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pressure. It is thus thought that possibly softer rings may prove to be more durable during the
application.

2.6.2 Effect of Temperature
Temperature is typically modeled using the Arrhenius equation such that the melt becomes fluid
at higher temperatures (Harper, 1971). The shear viscosity consistency index constant dropped
as temperature increased. Flow behavior remained relatively constant around .2, but the
difference between the first shear sweeps and second increased with increasing temperature. The
product is held at each temperature for 10 minutes since starch degradation can be time
independent at times longer than 3 minutes (van den Einde, 2004). However, the material color
changes throughout the experiment and becomes much darker like overcooked/burnt pasta. At
high temperatures water does flash off at the barrel, but it was unknown if moisture is being lost
while in the barrel. It is recommended for future work to study the remaining plug in the barrel
at the end of the run, which at higher temperatures was easier to remove, but appeared to be more
rigid. Morrison in 2001 stated that long chain branching adds considerably to the viscosity of the
polymer at low shear rates due to increase in relaxation times caused by the branches (Morrison
,2001). The product has a significant amount of time to gelatinize the starch. However, moisture
is below that needed for full gelatinization. Therefore, some melting will occur, but
temperatures are on the cusp of what may be needed to fully melt the starch. The conditions
applied fit the definition of heat-moisture treatment (HMT) which allows for the perfection of
crystallites (Lai, 1991). In addition, the shear rate sweeps high to low and then back up giving a
chance for reordering to occur at lower shear rates promoting entanglements. Taking into
account the conditions, it is possible that another mechanism of starch modification happening
results in an increase in viscosity, which needs to be further investigated.

The variability
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between runs and even shear rate sweeps seen in Figure 2.6.2.1 at higher temperatures could be
partially caused by improper seal; however, the viscosity difference is greater than what can be
accounted for by loss in shear rate. It is possible the sample moisture was not fully equilibrated
or may have been dry.
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Figure 2.6.2.1: Plot of 35% at various temperatures. The temperature decreases the shear viscosity
overall.

The higher temperature allows for more thermal motion and degradation of the starch granule
allowing for an increase in starch modification or complex formation with non-starch
macromolecules.

6
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Ground up cornmeal tested in the RVA would result in a gel for the untreated cornmeal and
100C extruded cornmeal demonstrating that the starch was not fully gelatinized. Then the
remaining RVA samples consistency became more fluid as the testing extrusion temperature
increased. The temperature effect on starch degradation can be seen in Figure 2.6.2.2.
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Figure 2.6.2.2: RVA Profile of cornmeal extruded at 37.5% moisture and different temperatures. There
was not a difference observed from 110C to 120C.

Overall, the starch degraded more at higher temperature as expected with the peak viscosity,
final viscosity, and breakdown decreasing with increasing temperature. However, this means
that gelatinization has occurred in a substantial manner, but does not indicate sufficient
knowledge on reordering of starch crystallites or other complexes. Other methods such DSC
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should be used to investigate these possibilities to better understand what is happening during the
long hold and residence time in the capillary rheometer.

2.6.3 Effect of Moisture
Moisture had a similar effect on shear viscosity as temperature. The samples became more fluid
as the moisture increased as can be seen by Figure 2.6.3.1. The consistency index, which is also
the y-axis intercept in log-log plot of shear viscosity vs shear rate decreased with increasing
moisture. The flow behavior index remained relatively constant again around the .2 region.
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Figure 2.6.3.1: Plot of cornmeal extruded at 100C with different moisture percentages. The repeatability
was independent over the narrow moisture testing range especially since the temperature chosen was the
lowest of the three tested.

The samples behaved as expected becoming more fluid and having a lower viscosity with
increasing moisture content. The starch gelatinization and degradation seemed to be independent
of moisture composition percentage as shown in Figure 2.6.3.2. All samples were mixed to the
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same amount of solids before tested in the RVA requiring for any effect of moisture to occur
during the capillary experiments.
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Figure 2.6.3.2: RVA profiles of ground cornmeal extruded at different moistures. 100C shows that
higher moisture of the extruded product affecting the final viscosity. Two different RVAs were used that
could have that much variability. More samples need to be tested to show true repeatability.

It has been thought that increasing the moisture will make starch more susceptible to shear
degradation and increase the amount of gelatinization.

However, the shear rates tested are

relatively small compared to an actual extruder and increasing the moisture decreases the
viscosity that decreases the shear stress observed. Lower shear stress observed causes less
degradation possibly despite lower shears being required.(van den Einde, 2004) However due to
the independence of starch conversion with moisture it is thought that any shear degradation that
may be occurring is hidden by the large amount of thermal degradation occurring since the

24
amount of shear being so small. On the other hand, the moisture effect on product
transformation may not be significant within a 5% change in moisture content.

2.6.4 Comparison to Previous Work
One of the reasons the work was done was to validate previous work. There were a few
differences between the testing procedures as already mentioned. Those differences were shown
to be insignificant as the results from the previous work were repeated in this work as shown in
Figure 2.6.4.1 and Figure 2.6.4.2.
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Figure 2.6.4.1: Plot of previous work (AP) and current work. The data was shown to be repeatable and
pin milling prior to extrusion to be insignificant.
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Figure 2.6.4.2: RVA profiles of current work (TT) and previous work (AP). The pasting profiles were
relatively repeatable except for raw corn grit peak viscosity. Only pasting profiles for corn grits tested at
120C were able to be obtained from previous work.

The work was shown to be repeatable and pin milling to be insignificant. It is thought that the
insignificance could be hidden by the amount of thermal degradation occurring from the long
temperature hold time. Also the variation in the peak of untreated corn grits could be from the
fact that the samples from this work were mixed to the set moisture and then dried in a tray dryer
overnight at 51C for control purposes. Variation in corn from year to year, or the difference
between a cyclone mill and coffee grinder to reduce particle size could also be possible reasons
for the observed difference.
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2.7 Conclusions
Overall cornmeal was extruded at three different moistures contents and three different
temperatures in a capillary rheometer. Issues arose with seals being compromised at high
temperatures and pressure, which resulted in erroneous results when applying the Bagley
correction. The Bagley correction induced scatter into the data that is consistent with previous
work (Ponrajan, 2016). The data collected was comparable and considered repeatable to what
was done in previous work. The previous work data is therefore accepted and was used to create
offline viscosity models to relate to inline data, which is elaborated upon in chapter 4. The
pasting profiles were similar despite the lack of pin milling due to the amount of starch
conversion occurring due to large amounts of thermal energy. It is also suspected that other
starch modifications are occurring due to the change in color and increase in viscosity between
sweeps. Finally, it was found that as temperature and moisture increased, the consistency index
dropped while the flow behavior index remained relatively unchanged which is consistent with
literature (Ponrajan, 2016; Le Roux, 1995; Martin, 2003; Nunez, 2010; Sandoval, 2007).
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CHAPTER 3: EFFECT OF EXTRUSION PARAMETERS ON RHEOLOGY

3.1 Introduction
Offline rheometers and analysis are useful to separate out different effects. They also require
smaller amounts of sample and usually less time to obtain the desired information. However,
many different effects happen at the same time during extrusion. Researchers have had issues
mimicking all the effects that occur during extrusion (Martin, 2003). The combination of
material composition, thermal energy and shear history play an important role on rheological
properties of a material (Campanella, 2002). The best way to understand the effect of extruding
is to measure the viscosity at the end of the extrusion process although it can be expensive, time
consuming, and a challenge.

3.2 The Effect of Extrusion on Starch Conversion
Starch can be converted in a number of ways as discussed in chapter 2: melting, gelatinization,
and fragmentation. In addition, there are a number of other processes that can change the
structure and composition of starch such as disrupting the granules, annealing, changing the
crystal structure (discussed in chapter 2), chemically modifying, etc. A number of these
modifications can happen during extrusion especially when considering reaction extrusion.
However narrowing in on starch-based products and excluding reaction extrusion, three main
processes of melting, gelatinization, and fragmentation occur with possibilities of starch and
other ingredients forming various complexes.
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During extrusion, temperatures usually range from a little above room temperature to close to
200 Celsius for food. Moistures of cereal grains being processed usually range from 10%-55%
w. b. while screw speeds can range from 30-900 rpms. Then one needs to consider the different
extruders and screw geometries being used. There are many different factors to consider during
extrusion that can change the type of application occurring, even the particle size of the incoming
product can change the product quality (Al-Rabadi, 2011). Understanding the effect of the
extrusion conditions on starch can greatly increase the probability of finding the correct
conditions for extrusion.

Starch can fully gelatinize at about 63% moisture content w.b. at a temperature from 50C to
114C roughly depending on time and the amount of starch as discussed in chapter 2. Also in
chapter 2 it was discussed that starch can melt above 110C depending on the amount of moisture
and time. In addition, starch can fragment and disrupt granules from shear alone. Shear enables
water to penetrate quicker allowing gelatinization to occur quicker and at lower temperatures.
Shear can also cause for the helices for branched chains that cause the crystalline structures to
unwind causing melting despite lower temperatures. (Campanella, 2002) Next thing to consider
is how long the starch is subjected to the extrusion conditions. Thermal degradation is
considered time dependent at times shorter than 300 s while shear degradation is time
independent (van den Einde, 2004). Shear degradation, which was once based on the average
shear applied, is now thought to depend on the max shear stress applied that is affected by a
number of different extrusion parameters (van den Einde, 2005).
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Since extrusion happens at a number of different parameters, the amount of starch conversion
processes taking place varies. Lower moisture processes will result in less gelatinization to
occur requiring higher temperatures or shear stresses to cause melting or fragmentation.

Also

lower moistures usually increase the viscosity initially going through the extruder which gives
rise to higher shear stresses allowing for more fragmentation to occur which can result in lower
melt viscosities at times despite less plasticizer in the sample (Doublier, 1986; Ponrajan, 2016;
Wen, 1990; Lai, 1991). Higher temperatures will allow for more melting to occur which can
also lower the viscosity and the shear stress. Higher temperatures and higher moistures despite
having the potential to lower the shear stress applied, can also lower the amount of shear stress
needed to cause fragmentation (van den Einde, 2004). Higher temperatures under the right
conditions can increase the amount of gelatinization which can actually increase the melt
viscosity till degradation temperatures are reached which can then cause fragmentation resulting
in a lowering of the melt viscosity as temperature continues to increase (Li, 2004; Campanella,
2002). Extruders that operate at higher screw speeds, lower feed rates, and less restrictions can
have quicker residence times that will result in less time for thermal degradation to occur (Wang
1990; Campanella, 2002; Lo, 1998). Higher screw speeds and more flow restrictions elements
along the screw can increase the shear, which will cause more fragmentation (Zhang, 2015; Wen,
1990; Padmanabhan, 1991). A lot of research has been and is being done to understand the
effects of extrusion parameters and there are many parameters that are not touched on in this
work such as other macromolecules added during extrusion such as fiber (Pai, 2009; Robin,
2011).

32
Realizing all the different parameters, some researchers focused on the amount of specific
mechanical energy applied during extrusion that resulted in correlations to amount of SME and
starch degradation (Harman, 1973; Wang, 1990; Padmanabhan, 1991; Lai, 1991; Della Valle,
1995; Hochstein, 2015; Kowalski, 2017). The theory is that the amount of degradation should be
dependent upon the amount of energy applied per amount of mass and independent of shear rate.
Despite strong correlations between SME and degradation one should take caution in using SME
as the sole criteria for predicting quality and extruder designs due to the lack of interdependence
on the variables in the SME equation (Li, 2004). It was concluded that the melt viscosity had the
largest impact on SME and should be considered (Li, 2004). Groups have also looked at
constant screw degree of fill and residence time as a way to compare results during experiments
despite the different thermomechanical histories (Li, 2004; Wang 1990).

Extrusion has many different parameters that can greatly change the application of starch base
products. Understanding the conditions and extruders implemented is a necessity with
deciphering literature in order to understand trends and model applications, which will be
touched on in chapter 4 and 5. The most common process variables that have been studied are
barrel temperature, screw speed, feed rate, and moisture content due to their effects on SME,
residence time, shear rate, starch conversion, and melt viscosity. Due to issues with mimicking
extrusion history and replicating resulting complicated behaviors occurring during extrusion with
offline techniques, it is common to measure the melt viscosity inline.
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3.3 Inline Rheometry Techniques
Inline rheometry techniques have evolved over the years. In 1971, a long capillary die, that was
temperature controlled by electric cartridge heaters, was fitted with pressure transducers and
attached to an extruder. The extrudate mass flow rate was measured to back calculate the shear
rate. The shear stress was calculated from pressure measurements. The screw speed was varied
to produce different shear rates, which as discussed in 3.2 will change the extrusion history.
However, the cereal dough mixture was heavily cooked and agitated before extrusion resulting in
severe degradation (Harper, 1971). The die was longer than most extrusion dies to make end
effects insignificant. After that other researchers followed suit and started to use combinations
of screw speed (single screw extruders), feed rate (twin screw extruders), and different sized dies
to get different shear rates to be able to generate log-log plots to understand the flow behavior
(Harman, 1973, Jao, 1978). Dies with other geometries were also applied such as a slit die
viscometer which makes achieving higher shear rates easier and fitting pressure transducers
easier (Rauwendaal, 1985). Researchers started to evaluate both geometries by trying to
superposition the curves together to achieve larger shear rate ranges (Lai, 1990). Another group
researched conditions under constant SME and residence time by varying screw speed and feed
to better understand the effect of these parameters (Wang, 1990). Shear and extrusion history
became more prominent in 1991, when a group of researchers used a slit die viscometer. The
group obtained flow curves with a negative slope, which is clearly erroneous suggesting issues in
the measurement technique (Padmanabhan, 1991). Realizing the error, which did not occur in
1971 due to the intense pre-treatment, researchers added a side stream valve to the SDV to be
able to change the shear rate while keeping feed rate and screw speed constant (Padmanabhan,
1993). Results that are more accurate were obtained, but the shear histories still will not be the
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same between measurements due to the pressure at the die changing. Another group
implemented a slit die viscometer with two channels that controlled the flow in each channel by
piston valves at the beginning of the viscometer, so the pressure at the die could remain constant.
The viscometer was called the Rheopac and was said to be made long enough to account for flow
disturbances caused by the valve (Verngnes, 1993). There are a number of issues with
measuring the flow behavior of the melt viscosity inline. Large end effects occur for short dies.
Longer viscometers are made to account for the end effects through the Bagley correction or
simply neglecting the end effects due to the length of the die. The problem is long viscometers
have issues with molecules relaxing, controlling a constant temperature profile (isothermal flow),
and recording a linear pressure gradient as the material could still be changing due to the
residence time in viscometer. Longer viscometers can cause a larger pressure at the die than
normal dies (Campanella, 2002). Next is the issue of getting a range of shear rates while
maintaining a constant shear history. One pressure valve is not enough and using pressure valves
in general requires time-consuming adjustments on the fly. So a slit die viscometer was designed
that could be controlled by a computer to maintain constant temperature profile and a constant
pressure at the die (Campanella, 2002). However, there is still the issue of flow disturbance due
to the valves changing the flow pattern. A viscometer that had two channels and used a sliding
mechanism to change both channel depths all the way along each channel was created (Robin,
2010). The design allowed for constant die pressure while maintaining the same flow behavior
by keeping the geometry constant along the entire viscometer. Despite the better design, the
viscometer still had issues with viscous dissipation causing different temperature rises in the
viscometer despite heaters added to control temperature. Water solubility index, SME, and
temperatures were different for some experiments when using the rheometer vs. a regular single
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hole die. It was suspected that one channel was favored over the other due to the rotation of
screw. Viscometers are still being created with the most recent one being in 2015 (Hochstein,
2015) despite challenges.

Other issues with measuring the viscosity inline is that these viscometers are costly and need to
be fabricated for a specific extruder. A cheaper method that can give the flow behavior was
using a die that has two 90-degree angle splits with exits of different lengths and different radius
creating a two-orifice die (Drozdek, 2002). The design produces two different shear rates at the
same pressure history, which allows the flow behavior index to be calculated using volumetric
flow rates L/R ratios discussed by Steffe (Steffe, 1996). However, the consistency index could
not be obtained due to the pressure is the same at the beginning of the entire die not at the
beginning of each individual die. The group tried to use a smaller parallel die set up, but had
issues with end effects and separating the two flows. Higher flow behavior index values were
obtained then those reported in literature. Ponrajan in 2016 tried a dual orifice die that was
approximately the same length and same cross sectional area as the original die to measure both
flow behavior and consistency index by placing a pressure transducer before the die. A piece of
metal was welded at the end of the die in between the holes to separate the flows (Ponrajan,
2016). Measuring the viscosity inline is challenging, but is necessary to model an extruder.
Offline comparisons are difficult to achieve. Overall, these issues leave researchers picking
applications that are best suited for their needs.
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3.4 Objective
The objective was to understand the effect of feed rate, screw speed, and moisture content on
viscosity. Due to the lack of temperature control in the extruder, the die temperature rise effect
on viscosity was investigated and used for comparison purposes. It was necessary to further
investigate the dual orifice die used by Ponrajan that will now be referred to as previous work for
the remainder of the chapter.

3.5 Materials and Methods
Dehulled, degermed yellow cornmeal (Degerminated fine yellow cornmeal M77) donated by
Agricor Inc. (Marion, Indiana) was used in previous works for both in-line and offline
measurements. The same cornmeal was obtained for this work. The same cornmeal that was
used in the offline measurements was used in the extrusion measurements.

A similar procedure was conducted to that of Ponrajan. The corn meal was mixed with water in
a Hobart mixer (H-600T, Hobart Corporation, Troy, OH) by adding water in over the course of 1
minute at slow speed. Once all the water was added, the speed was set at medium for 2 minutes.
Water was added to adjust the moisture to 32.5%, 35%, and 37.5% w.b. to make 40-60 lbs of
sample depending on which moistures and amount of different feed rates were desired to be
tested the following day. The corn was then placed into plastic bags that were enclosed into fivegallon plastic buckets, which were sealed by lids. The buckets were stored overnight in a cold
room (7.2C). The next day samples were pulled from the cooler and then fed through the
extruder an hour later. Everything was done the same as described in Ponrajan except: Textmate
meter viewer was used instead of data logger, feed rates were varied to give different “starve fed
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conditions”. In addition, during some later runs the pressure and temperature along the barrel
was recorded by placing transducers in fitted holes, and SME was not measured do to issues with
the amps dropping with time as the extruder ran resulting in negative SME measurements that
could be from voltage varying. The same equipment was used and the calibrations of the
transducers were done frequently using the same deadweight tester. The samples were fed for at
the lowest feed rate for about an hour until the extruder was running at steady state and then
measurements were taken. The die temperature, mass flow rate, pressure, feed rate, and five
extrudate samples were taken. The feed rate was then increased and the extruder was allowed to
re-equilibrate for about 20 minutes to allow the pressure to stabilize. The same measurements
were taken and then the feed rate was increased a third time. After the third feed rate conditions,
the rpm was increased to the next step and then feed rate was varied again and so on and so forth.
The moisture content was fixed per each complete run and a different moisture content was
extruded each day. The rpms used were 100, 200, and 300. The feed rates were not set at first
thus resulting in a widespread of data points. Table 3.5.1 shows the range and repeatability of
the feed rates measured. Notice that at 35% moisture the feed rate possibilities were much
higher at 200 and 300 rpm then the other moistures. The feed rates were increased until
backflow was reached, but not till the point that backflow accumulated.
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Table 3.5.1. Experimental conditions used and repeatability. Green means that at least three sets of
measurements were recorded at that feed rate to have the same viscosities. Orange could mean they
varied in viscosity or only one or two sets of measurements were recorded at that feed rate.
Yellow Fill-not sure if can be done
Red fill- no data
Green fill- Been Repeated
Orange Fill-Some Data

100 RPM
200 RPM
300 RPM

32.5%
10
10
10

20
20
20

30
30
30

40
40

50
50

100 RPM
200 RPM
300 RPM

35%
10
10
10

20
20
20

30
30
30

40
40
40

50
50

60
60

70
70

80
80

90
90

100
100

100 RPM
200 RPM
300 RPM

37.5%
10
10
10

20
20
20

30
30
30

40
40
40

50
50

60
60

70

80

90

100

110
110

120

130

140

150

The feed rates obtained are relative maximums and minimums for the conditions that were
investigated. The feed rate minimums and maximums depend upon the moisture content and
screw speed. At the lowest moisture content, the initial viscosity is higher which made it harder
for the material to flow through the feed section resulting in backflow at lower feed rates due to
higher pressures. In addition, the material would heat the barrel up high enough that it is thought
the starch granules actually can melt greatly reducing the melt viscosity, which results in a lower
pressure. Since the temperature is high enough at a lower pressure, water can flash off inside the
barrel wetting the incoming cornmeal causing a dough to form. The dough tends to mix, but does
not flow through the extruder causing for the pressure drop for flow to diminish that plugs the
extruder. The corn remaining inside the extruder then burns and the test needs to be stopped.
The test then needs to be attempted another day, or this may be prevented altogether if the runs
were done one feed rate, one moisture content, one rpm at time and not sequentially. This
suggests that lower feed rates at higher rpms may not generate as much heat as high feed rates at
lower rpms. Furthermore, the dry material at larger feed rates and rpms could have such a large
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pressure drop in the barrel before it melts that causes the back flow to occur resulting in lower
feed rate capabilities. The result is an upper feed rate bound that is lower than theoretical
volumetric flow rate calculations. This suggests that the extruder may be able to operate only at
certain viscosities for certain levels screw degree fill. Also at 37.5% moisture content the
material is wet enough that it begins to stick to the screw in the feed section and other cornmeal
particles.

The material then needs to be forced through or removed from the screw in the feed

section. The issue tends to happen at higher feed rates, which results in an upper bound for the
37.5% moisture content. The cornmeal plugging the screw channel results in a decrease of
volume between the screw and barrel, which causes the theoretical max volumetric flow rate at
that screw speed to be lower. Once again, the result is another upper bound that is lower than the
theoretical max feed rate. It was noted that each experiment could take over 6 hours and there
were issues with moisture loss in the samples even though they were covered waiting to be fed.
The moisture adjustments to achieve the desired moisture content varied. A forced air oven at
103C for 24hrs was used to measure the moisture content; however the same samples that were
mixed in the same batch would commonly vary by .2% (35.2%-35.0% for example). In addition,
the same bucket measurement could vary by .2% as well. Some moistures that were recorded for
37.5% range from 36.8% to 38.43%. Samples of each bucket were taken when the bucket was
opened to check for moisture, but at times the samples were taken after the bucket had been open
for an hour or even when the next bucket was ready to be opened which could have been over
two hours depending on the feed rate. Another issue is the samples pulled may not have been
put into the oven until the experiment was done. The result is many different samples that can
vary by up to 1.5% in moisture content. The affects could be that the samples were not
homogeneous, measurement error/precision when measuring the amount of water needed,
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variability in measuring the initial moisture content before adjustment, and the variable amount
of time that samples were exposed to moisture loss from the environment. Some experiments
were done that showed moisture loss was noticed after an hour despite being enclosed in a Ziploc
bag. However, at times the experiments would gain weight over time resulting in moisture
content increasing. However, it is noted that this is not possible as at a relative humidity of
100% the equilibrium moisture is less than 30%, which means that there was variability in the
scale or there could have been possible grain residue remaining on the bag at subsequent
measurements. These issues made it hard to predict what the actual moisture loss was with time.
Despite these issues, the measured moisture content for each sample was used to calculate
volumetric flow rates out of the die to find the wall shear rate. Ponrajan never published the
variability in moisture content that was experienced and always used the goal moisture content in
the back calculation for shear rate. In addition, Ponrajan used the true density for whole grain
corn measured that year for the back calculation whereas this study used the Choi-Okos
equations with the die temperature measured and component mass fractions given to find the
density to use for flow rate back calculations. The extrudate samples were then dried in a 103C
force air oven for 72 hours to find the dry mass flow rate to back calculate the volumetric flow
rate since water flashes off once it emerges from the die.

3.6 Results and Discussions
3.6.1 Effect of Extrusion Conditions on Temperature Rise
The extrusion conditions as mentioned before influence the melt temperature of the extrudate.
Viscous dissipation heats the material and thus heats the extruder. A lower initial viscosity
results in a higher temperature rise. The higher degree of screw fill allows more surface area to
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generate friction and therefore a higher temperature. In addition, a higher screw speed increases
the energy in the system and once again, the more viscous dissipation and higher temperature
rise. Overall, these trends were observed at the die and in the barrel. The effect of feed rate was
found to be less significant than the effect of moisture and screw speed. The feed rate effect is
developing from degree of screw fill, which is dependent on the screw speed and pressure drop
capability in the extruder that depends on the moisture content. Therefore, as the moisture
decreases the pressure drop increases causing less feed rate capabilities. In addition, as the screw
speed increases the feed rate needs to increase to maintain the same degree of fill. The feed rates
were typically increased sequentially, causing the later and higher feed rates to be slightly dryer
which could emphasize the small effect that feed rate had. However one cannot run the feed rate
in random order as it will take a significant amount of time for the barrel to cool down despite
the difference measured were only a few degrees. Thus the effect of feed rate increasing the
temperature should be cautiously interpreted as significant, but not substantial in magnitude.

The effect of moisture and screw speed can be seen in Figure 3.6.1.1. As expected, the die
temperature rose with increasing screw speed and decreasing moisture content. However, under
certain conditions the temperature at different screw speeds or different moistures can overlap.
The overlapping is caused by, in some cases, variation in what the actual sample moisture was.
In addition, the measurements could have been taken prematurely. Although these are valid
points and may have an effect, the variation was attributed to the different feed rates. The figure
demonstrates the true effect of feed rate in which as feed rate increases at a constant moisture
content and screw speed the die temperature increases.
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Figure 3.6.1.1: Temperature plotted against screw speed at different moisture contents for the small and
large capillary die orifice. The large capillary die is plotted on the left and the small capillary die on the
right.

It was observed that the small die temperature under the same conditions is always significantly
less. The difference is usually about 8 degrees Celsius. Ponrajan attributed the difference to the
small die cooling since there is more surface area for heat to escape. However, the barrel profile
was recorded, shown in Figures 3.6.1.2-3.6.1.6: after the feed shear bushing, shear bushing two
and shear bushing three. The profiles showed that dies are actually heating up the product before
they cool from water flashing off. The larger die has a higher velocity, which causes more heat
generated from viscous dissipation. The small capillary die may have a supportive effect from a
larger heat loss to the environment due to more surface area. However, the larger velocity in the
large die will cause for a larger heat transfer coefficient in the larger die that may offset the
surface area effect. The increase in temperature through the die at higher shear rates is in
agreement with other literature (Robin, 2010; Lai, 1992).
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Figure 3.6.1.2: Barrel temperature profile of 37.5% for an entire run. The change in slope demonstrates a
change in operating conditions.
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Figure 3.6.1.3: Barrel temperature profile of 37.5% for an entire run. The trends and relative temperature
magnitudes are similar suggesting the data is repeatable. Some peaks are different however, suggesting
different feeding conditions at those times.
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Figure 3.6.1.4: Barrel temperature profile of 35% moisture content for an entire run. Each position has a
similar trend due to consistent feeding habits.
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Figure 3.6.1.5: Barrel temperature profile of 32.5% moisture content for an entire run. There were
possible issues with transducer 3, which may explain the unusual behavior at 300 rpm.
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Figure 3.6.1.6: Barrel temperature profile of 32.5% moisture content for an entire run. Shows similar
behavior as the run before, however transducer 3’s correction still may have been incorrect.

The barrel profiles for each moisture content show similar results of temperature increasing with
screw speed and position along the barrel. It is important to note that the die temperature was
always higher than positions 1, 2, and 3. The difference in temperature from position tends to
decrease as moisture decreases and screw speed increases. The decrease in moisture increases
the initial viscosity, which makes the overall temperature higher sooner allowing starch
degradation to happen earlier in the barrel causing the viscosity to lower sooner. Thus, the
viscous dissipation occurring later as a lesser effect then it would have had at higher moisture
contents. This makes the temperature difference smaller and even possibly negative for position
2 and 3 for 32.5%. Transducer 3 did have issues in these experiments with being reliable. The
gaps also decrease has screw speed increases which may be explained by higher shear rates
occurring causing more degradation to occur sooner. The result is a lower viscosity for later
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parts in the barrel once again. Also higher screw speeds will have more heat generation and
higher temperatures that are approaching the starch melting range. 32.5% is the best example of
this as the temperature approaches and at times reaches the melting temperature range.

The barrel profiles give a lot of information about what is happening during each run and
extrusion. The peaks and drops show when the extruder is being fed at higher or lower rates or
even consistently. The goal is to take measurements at steady state conditions, but steady state
was determined by the die pressure and temperature remaining constant. However, after looking
at Figures 3.6.1.2-3.6.1.6 and 3.6.1.7-3.6.1.11, one can see that outer positions may seem to be at
steady state, but nearer to the feed section there is a lot of variability.

The temperature barrel profile can demonstrate when abnormalities in the run exist. For example
at 300 rpm, 32.5% moisture the product can flash off inside the barrel at lower feed rates. The
steam can either flow back out of the feed or out of the die and rarely through barrel connections
when poorly sealed. Some attempts can be made to “push” the steam out of the dies. Figure
3.6.1.5 and 3.6.1.6 demonstrate this by large drops in temperature at the end of the figures. The
extruder does not have any cooling systems, so steam leaving the system is the only explanation
for why the extruder could drop in temperature so rapidly. Figures 3.6.1.7-3.6.1.11 show the
barrel pressure profile and better demonstrate the feed variability and stability of the system to
maintain steady state conditions.
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Figure 3.6.1.7: Barrel pressure profile at 37.5% moisture for an entire run. Transducer 3 was not
working.
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Figure 3.6.1.8: Barrel pressure profile at 37.5% moisture for an entire run. Transducer 3 was not
working.
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Figure 3.6.1.9: Barrel pressure profile at 35% moisture for an entire run. Transducer 3 was not working.
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Figure 3.6.1.10: Barrel pressure profile at 32.5% moisture for an entire run. Transducer 3 is shown, but
not trusted.
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Figure 3.6.1.11: Barrel pressure profile at 32.5% moisture for an entire run. Transducer 3 was not
working.

Typically, the pressure increases along the barrel, but at higher screw speeds and feed rates the
screw degree of fill increases, which will increase the barrel pressure closer to the feed. Under
certain conditions, the pressure will be higher closer to the feed then at the die. The cause is that
the barrel pressure at position 2 is high enough that it causes back mixing to the point that
backflow builds up. The buildup causes less grain to be pushed through the die. The buildup
causes a build in the feed, which increases the pressure in the feed. The feed rate into the
extruder is then usually decreased allowing the backflow to flow through reestablishing the
increasing pressure along the barrel. Another cause of this is the possibility is the high viscosity
material coming in requires higher pressures to flow the material. The pressure then needs to
build up to flow the material, but the viscosity of the material decreases along the screw as the
temperature and time effect begins to take place along with shear. The lower viscosity allows
the pressure drop to decrease before it then builds up again before the die. Other than the die
transducer, the transducers have some considerable variability from day to day that was

50
attempted to be compensated for by frequent calibration checks. However, issues with
transducers still arose especially with transducer 3 and should be considered.

3.6.2 The Effect of RPM, Feed Rate, Moisture Content and Temperature on Viscosity
Offline experiments done by Ponrajan and countless other have shown that as temperature
increases and moisture decreases viscosity will decrease in an offline rheometer as mentioned in
chapter 2. However, the single screw extruder generates heat through viscous dissipation, which
makes temperature a dependent variable. In addition, there is a significant amount of shear
occurring in the extruder that could be causing fragmentation, which affects the viscosity. So the
higher the moisture content, the more fluid the material is which will result in a lower initial
viscosity. However, the lower viscosity will decrease the temperature rise in the extruder, which
could actually make the viscosity measured at the die higher than lower moisture contents with
higher temperatures as demonstrated by the offline data. This may be true, unless the behavior
with melt viscosity increasing with increasing temperature observed by Campanella in 2002 is
applicable here (Campanella, 2002). A number of researchers found that extent of starch
transformation increased with increasing temperature (Li, 2004; Lai, 1990). The starch
transformation occurring was said to be gelatinization.

A review reported that researchers found

the extent of amylopectin fragmentation decreased with increasing temperature (Lai, 1991).
These effects would cause viscosity to increase with increasing temperature. A different group
of researchers in 1984 (Davidson, 1984) and 1986 (Doublier, 1986) observed viscosity
decreasing with increasing temperature, but their findings actually are similar with the group of
researchers in 2004 (Li, 2004) and 2002 (Campanella, 2002). The 1984 group tested three
temperatures: 121C, 149C, and 177C while the later groups did 90C-160C. The later groups
noticed that the viscosity decreased after 140C once gelatinization appeared to be a max.
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Temperatures achieved in this study were below 145C. There is a key difference between this
research and others, however. The difference is that the temperature rise is due to initial
viscosities, which will result in higher shear stresses causing more fragmentation to correlate to
higher temperature rise. This is consistent with the other studies attributing the decrease in
viscosity with increasing temperature (at high temperature) to increased fragmentation. Also,
note that the increase in viscosity with increasing temperature was attributed to increasing
gelatinization not fragmentation. The offline data in chapter 2 was fully gelatinized according to
the RVA runs which is thought to be caused by longer residence time and resulted in viscosity to
decrease with increasing temperature which is consistent with the inline data in 1971 that had the
severe pre-treatment (Harper, 1971). Thus, it is expected that a similar trend to the offline data
in chapter 2 to be observed of viscosity to decrease with increasing die temperature rise.
However, the reasoning is due to increased fragmentation and not actually temperature allowing
for increased flow. Note temperature decreasing viscosity between two identical materials will
occur due to the increase molecular movement, but at times, as shown by Campanella, 2002, will
cause other mechanisms to occur that will outweigh the expected effects.

Screw speed also can have complicated behavior. The higher screw speed will result in more
shear and possible starch degradation. The higher velocity will produce a higher temperature
rise, which can decrease the viscosity when melting is occurring along with fragmentation.
However, the higher the screw speed at a constant feed rate will result in a smaller degree of fill,
which will give a shorter residence time and less thermal degradation, which may produce a
higher viscosity. As mentioned in chapter 2, the effect of starch conversion with temperature is
time dependent at times shorter than 300 seconds. Since Penner found the residence time at 100
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rpm for wheat at 30% w.b. to vary from 30-270 seconds and rice at 35% w.b. to vary from 30690 seconds which supports the possibility of increased viscosity with shorter residence time due
to less thermal degradation. Penner also found the residence time of soy chips at 600 rpms to
vary from 10 to 80 seconds (Penner, 2008). Considering the screw speeds tested for the given
product moistures it is thought that time dependence on thermal degradation is a factor.

Feed rate impacts the residence time and screw degree of fill, which depending on the conditions
can produce nonlinear complicated behavior with the viscosity measured at the die. As the feed
rate increases, the screw degree of fill is increasing which allows for more shear and a higher
pressure drop resulting in a lower viscosity. However, once the screw degree of fill is
maximized and the feed rate is still increasing; the pressure drop will continue to increase and the
residence time will be shorter. The shorter residence time will decrease the amount of thermal
degradation and ultimately viscosity. The higher feed rates result in a higher velocity and shear,
which have competing effects on the final viscosity.

Overall, the data obtained can be interpreted using the ideas presented. Figure 3.6.2.1 shows the
effect of screw speed increasing on viscosity and rheological behavior. The data was plotted
against the offline shift factors that were obtained by applying the method of reduced variables
or superposition to the offline data, which is discussed in chapter 4. The data still has a variety
of different feed rates that it is plotted against causing some variation in fit. At higher screw
speeds, the shift factors may not be appropriate causing bad fits at these parameters.
Furthermore, some of the higher screw speeds had issues with repeatability especially at 32.5%.
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Regardless of the issues, as the screw speed increases the material becomes more Newtonian and
the viscosity is lower at higher screw speeds for a given shear rate.
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Figure 3.6.2.1: Natural log viscosity vs. natural log shear rate*temperature shift factor*moisture shift
factor. The shift factors were calculated by shifting the offline data to 35% moisture and 110C.

The reasoning is while the shear rate may be the same at the die, there are higher shear stresses in
the extruder at higher screw speeds.

It appears that if the data were to reach higher shear rates the curves would cross suggesting the
offline curve may become more Newtonian at higher shear rates. This is however doubtful, but
possible to see that at higher shear rates in the offline measurements that one may see the curve
to flatten out at higher shear rates. It should be noted that the shift factors were fitted for a range
of 32.5-37.5% moisture, which as discussed, some of the points may be outside the fitting. The
temperature range was fitted from 100-120 Celsius in which some screw speeds were below
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100C and other were above 120C. Additionally, it has been suggested that above 120C corn
starch may begin to melt for the given moisture contents, which further suggest that the shifting
range from the offline data should be expanded to understand the effect of screw speed. Not to
mention the fitting may not hold for the extruder due to shear potentially causing fragmentation.
Overall, it is shown as expected that higher screw speeds induces higher shear and temperatures
which lowers the viscosity at the same die shear rate. In addition, as the screw speed increases,
the effect of shear from screw speed to screw speed lessens for the same shear. The trend is due
to the effect of screw degree of fill and residence time lessening the amount of starch
degradation. The trends can be seen in Figures 3.6.2.2-3.6.2.4 where each individual moisture
content is plotted at similar feed rates for each screw speed.
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Figure 3.6.2.2: 32.5% moisture natural log plot of viscosity plotted against shear rate and shift factors to
minimize effect of slightly different moistures and temperatures on viscosity. Circles are 100rpm,
Squares are 200rpm, and Triangles are 300rpm.
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Figure 3.6.2.3: 35% moisture natural log plot of viscosity plotted against shear rate and shift factors to
minimize effect of slightly different moistures and temperatures on viscosity. Circles are 100rpm,
Squares are 200rpm, and Triangles are 300rpm.
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Figure 3.6.2.4: 37.5% moisture natural log plot of viscosity plotted against shear rate and shift factors to
minimize effect of slightly different moistures and temperatures on viscosity. Circles are 100rpm,
Squares are 200rpm, and Triangles are 300rpm.
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Figure 3.6.2.2-3.6.2.4 show that as screw speed increases viscosity shifts down and right for the
most part except at 200 and 300 rpm for 32.5% moisture content where there is a lot of scatter in
the data due to measurements are suspected to not have been taken at steady-state conditions.
This shows that at the same feed rate and moisture, the effect of shear stress on viscosity
outweighs the effect screw degree fill and residence time. At 32.5% moisture, the viscosities at
higher screw speeds are hard to separate. The reasoning is that from 100 rpms to 200 rpms the
temperature differential is the highest recorded followed by one of the smallest temperature gaps
as the screw speed is increased to 300rpms which can correspond to similar amounts of starch
conversion happening at 200 and 300 rpms compared to 100 rpms. In addition, the temperature
crosses into the starch melting region at 200 and 300 rpms. Since the temperatures are closer,
the longer residence time at 200rpms has more of an effect on the starch melting and thermal
degradation despite higher screw speeds providing higher shear stresses. However, there may be
a more clear distinction once more runs are done and repeatable data is obtained. At 37.5%
moisture, the gap also appears to be lessened due to the lower viscosity, which could lessen the
overall effect of shear stress causing fragmentation. The figures show that as the feed rate
increases at a given moisture and screw speed, the viscosity flow curves tend to shift right. The
shift right means that as feed rate increases, the viscosity increases at a given shear rate. The
increased viscosity is probably resulting from a shorter residence time. Yet, at 37.5% the shift
right is lessened and at times appears nonexistent as increasing feed rates continue on the same
flow curve at lower feed rates. At 35%, where a wider range of feed rates can be attained, the
flow curves shift right and up as feed rate increases. The curves also flatten out suggesting that
the material is becoming more Newtonian which is consistent to flow behavior trends in
literature for cornmeal (Drozdek, 2002). Something to be considered is the fact that the small
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and large die points become closer together as feed rates increases.

The shear rates are

approaching each other as the feed rate increases. The ratio of flow from the large die to small
die decreases despite the diameter remaining constant. This shows another error with a two
orifice novel die and making the assumption that pressure drop is equal in both capillaries may
be problematic. The Bagley correction needs to be applied however since there are only two dies
and the only way to get shear rates in both dies to be the same is by varying the feed rate or
screw speed which changes the materials thermomechanical history.

It has been show that end

effects increase (Jao, 1978; Padmanabhan, 1989) and decrease with shear rate (Bhattacharya,
1994) making it hard to draw conclusions on which die has larger entrance effect due to shear
rate differences. Another possible conclusion can be drawn; since the large die has a smaller
L/D, the entrance effects will be more significant. In addition, the large die had a higher
temperature than the small die. These effects will be opposite, which may be why the flow
behaviors achieved were comparable to literature (Drozdek, 2002). At 32.5% the up and right
trend holds with feed rate until 300rpms where it shifts right and down as feed rate increases,
which is cautiously, interpreted that more degradation is occurring due to higher shear as degree
of screw of fill is increasing.

The initial viscosity is highest at the lowest moisture. The shear is

then highest at the lowest moisture and highest temperature, which can cause shear-induced
degradation to outweigh the lessening of thermal degradation at higher feed rates. Another thing
to be considered is that feed rate was usually increased with time which means the feed ran
through at higher feed rates could have been dryer than lower feed rates causing the slight shift
up whereas at 300rpm and 32.5% moisture the trend was reversed as lower feed rates had a risk
to plug the extruder.
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Figures 3.6.2.5-3.6.2.7 show the effect of moisture on final viscosity coming out of the die. The
graphs include the temperature shift as a way to separate out the effect of temperature on
individual points. At 100rpms, the flow curves behave as one would expect as viscosity
decreased as with increasing moisture. At 200 and 300rpms, the behavior for 37.5% and 35%
remained the same. At 32.5% moisture content, the data appeared to be more Newtonian and in
the middle of the other two moistures. At 35% moisture, feed rates at 300 rpms are all much
higher than the highest 32.5% feed rate at 300rpms making it hard to compare. Once again, the
analysis is limited by scatter in the 32.5% data higher screw speeds. Note that without the
temperature shift the 32.5% viscosity is lower at 200 and 300 rpms do to the large increase in
temperature, which is adjusted for in the shift. The non-linearity observed at higher screw
speeds is likely to be caused by starch degradation occurring at the lower moisture caused by the
high temperatures generated and increased fragmentation. Also extrapolating the shift to higher
temperatures could also have an effect.
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Figure 3.6.2.5: Natural log of viscosity plotted against natural log of shear rate*temperature shift factor at
100 rpms, .6-.7g/s feed rate for different moistures.
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Figure 3.6.2.6: Natural log of viscosity plotted against natural log of shear rate*temperature shift factor
at 200 rpms, 1.2-1.5 g/s feed rate for different moistures.
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Figure 3.6.2.7: Natural log of viscosity plotted against natural log of shear rate*temperature shift factor
at 300 rpms for different moistures. The feed rates are only comparable with 37.5% to 35% or 32.5%, not
35% to 32.5%.

3.6.3 Comparison to Ponrajan’s Data
Overall comparing Ponrajan’s data lines up with the data measured in this study except for at
high rpms for 32.5%. Figures 3.6.3.1-3.6.3.3 demonstrates the comparisons. Roughly, the same
data was obtained proving the experimentation to be repeatable. Ponrajan’s data was only taken
for one feed rate at each condition, which was not the same at every condition and thus cannot be
readily compared to one another.
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Figure 3.6.3.1: Natural log viscosity vs. natural log shear rate. Ponrajan’s data is in dark blue and this
study’s is in green.

Ponrajan stated that he waited at least 30 minutes for the extruder to equilibrate at each screw
speed before taking samples. This study waited an additional hour for equilibrium to be reached
from 100 rpms to 200 rpms suggesting that it should be at steady state. However, Ponrajan did
not give an actual wait time for each condition so it is unknown exactly how long the extruder
was running until he took samples at 200 rpms and 300 rpms. It is assumed that this study
waited the appropriate amount of time, but by varying feed rates scatter was observed causing
issues with water evaporating in the extruder. Additionally, the pressure usually drops from the
initial screw speed increase as time increases.

The pressure drop would suggest that maybe this

study should have waited longer despite thinking the extruder to be at steady state. However,
these testing conditions have behaved abnormally compared to all other conditions. It is possible
that the pressure could be building with time in actuality. The pressure build up is confirmed
looking at Figure 3.6.1.10 and 3.6.1.11. Right after the bump up to 300rpms, it shows the
pressure increasing until what appears to be the feed rate being dropped. The pressure building
with time suggests that the other study may not have waited long enough.
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Overall, though, it is more likely that the discrepancies are differences in moisture content,
pressure calibration, or even screws used since it was found that there are two different types of
single flights. It is unknown which single flights were used for which runs. In addition, the
deadweight tester starts at 50 psi for its first measurement, which means if that was the baseline
for Ponrajan, then the other pressures would be extrapolated. It was observed that there could be
up to a 10-psi difference depending if the pressure transducer tip is up or down. The difference
means that calibration with a tip up vs. down could also be causing the difference at pressures
below 50psi since all pressures above 50 psi were checked with the deadweight tester.
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Figure 3.6.3.2: Natural log viscosity vs. natural log shear rate. Ponrajan’s data is in dark blue and this
study’s is in green.
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Figure 3.6.3.3: Natural log viscosity vs. natural log shear rate. Ponrajan’s data is in dark blue and this
study’s is in green.

3.7 Conclusions
Overall the experimentation was found to be repeatable compared to Ponrajan accept for at low
moistures and higher screw speeds. The trends observed was that as screw speed increases the
viscosity decreases and the flow behavior becomes more Newtonian suggesting increasing
fragmentation due to increased screw speed. Temperature increases with increasing screw speed
and decreasing moisture. Moisture increasing decreases the viscosity except at low moisture and
high screw speeds. As feed rate increases for constant conditions, the flow behavior curves tend
to shift right suggesting an increase in viscosity. However, the flow tends to appear to be more
Newtonian suggesting issues with the measurements that are caused by lack of account for
entrance effects and the difference in die temperature between the two orifices.

The importance

of viscosity has been demonstrated as well as the complicated behavior that can arise from
processing conditions.
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CHAPTER 4. PREDICTING INLINE VISCOSITY USING OFFLINE

4.1 Introduction
As discussed in previous chapters, viscosity is a controlling parameter in flow behavior models
for extrusion. Understanding how it behaves under different extrusion parameters enables one to
more accurately predict what the viscosity will be as it changes throughout the extruder allowing
for more accurate models. However, measuring viscosity is time consuming, challenging and
expensive. Anytime the composition of an extruded material is changed, or if it is desired to see
how different materials will respond in the extruder; one will need a new viscosity model to
understand the new material. Therefore, any flow behavior model created would be redundant
do to the amount experiments still needed to be tested to obtain a viscosity model. Some success
has been shown for predicting inline viscosity using offline techniques for lower SME
applications such as pasta extrusion (De la Pena, 2014). However, Ponrajan was unable to do so
because the amount of shear difference between puffing product extrusion conditions and offline
capillary rheometers (Ponrajan, 2016). However, Ponrajan was trying to compare data that was
under defined by the amount of significant variables in the system such as neglecting the
different feed rates. Despite difficulties that have risen, it is necessary to find a method to
accurately predict how the melt viscosity will change with different extrusion conditions using
offline techniques for higher shear extrusion applications to increase flow behavior model
effectiveness and accuracy.
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4.2 Viscosity Models
The creation of a model starts with understanding what parameters are significant and can be
controlled. The most significant parameters that can be controlled during extrusion are material
composition such as moisture content, screw speed, temperature of the fluid, and feed rate, which
effects residence time, and shear rate.

Viscosity changes with shear rate for non-Newtonian fluids and is commonly modeled using a
power-law model where the flow behavior index is said to determine the rheology of the fluid:
<1 is shear thinning, =1 is Newtonian, and >1 is shear thickening. A constant is applied to the
model, which is the consistency index. The flow behavior index and consistency index are
usually found when a log-log plot of shear stress vs. shear rate is applied. A straight line usually
appears in which the intercept is the consistency index k and the slope is the flow behavior index
n. However, the power law model is not the only way to model rheological behaviors. There are
a number of other models depending on the application and material needing to be modeled.
(Morrison, 2001) The power law model accounts for different shear rates, but as it has been
discussed; there are many other controlling parameters. One way to account for the effect of
temperature and moisture is to use the Harper model in which the variables were added by the
use of exponentials (Harper, 1971). The model has been used and modified in a number of ways
over the years. Some models included a term for time-temperature history, a term for SME,
screw speed, or feed rate to account for the different thermomechanical histories that can occur
or even tried to modify the constants in Harper’s model to be dependent on other variables
(Padmanabhan, 1991; Lai, 1990, Pamanabhan; 1989; Wang, 1990, Vergnes, 1993; Zhao, 2011).
Others have tried model the amount of degradation of starch in an extruder in which many have
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found 0th , 1st , or 2nd order relationships (Davidson, 1984; Lai, 1991; Cai, 1993; Zhao, 2011).
These models are usually fitted by linearizing and then using multi-linear regression.

Another method is time-temperature superpositioning or method of reduced variables (Bird,
1987; Steffe, 1996; Ponrajan, 2016). The method linearizes the data by taking the natural log of
the power law model at different conditions. The curves should result in the same slopes and
then are shifted together using shift factors, which are functions of the different conditions such
as temperature. The curves can be shifted vertically by applying the shift to the y-axis variable
or horizontally by applying the shift the x-axis variable. The result is usually one master curve
that is a function of multiple different variables. The generation of master curves and using
superpositioning is quite frequent in literature (Le Roux, 1995; Lai, 1990; Vergnes, 1993;
Ponrajan, 2016).

Despite the mechanism for creating viscosity models, a methodology for predicting inline
viscosity from offline techniques is necessary. It is desired for the methodology to be done such
that minimal experimentation with an extruder is done.

4.3 Objective
The objective is to evaluate different methods to predict inline melt viscosity using a capillary
rheometer. Data obtained by Ponrajan and this work was to be used over the number of different
methods. It was also desired through the different methodologies to understand the difference in
shear happening in the extruder vs. the capillary rheometer.

70
4.4 Viscosity Data Fitting
One of the main goals of this work is to be able to predict the viscosity of the material in and
coming out of the extruder. The generation of master curves and superpositioning was applied to
Ponrajan’s offline data to shift the data to 35% moisture and 110C as a reference. Equation 4.14.3 is the offline shift model.
Ln (viscosity) = -.7783*ln (shear rate*aM*aT) +10.761

Equation 4.1

aM = 12.578*MC-3.3421

Equation 4.2

aT= .0262*T-1.9111

Equation 4.3

T is degrees Celsius and MC is moisture content expressed as a decimal. In addition, mutlilinear regression was applied by linearizing the model used by Harper, 1971 and the corrected
constants are shown in Equation 4.4 from Ponrajan, 2016.
Viscosity = 298.885*exp (3218.34/T)*exp (-.09497*MC)*Shear Rate^(.22148-1) Equation 4.4
Where T is in Kelvin and MC is expressed as a percent. However, be careful using excel as
inputting data into excel will convert the whole number percentage as decimal in its calculations.

The data was modeled in a number of ways by trying to use multilinear regression to fit the slope
and intercept of each log-log plot of viscosity to shear rate data at all the conditions for this study
as a way to predict what the viscosity flow curve would be at the given testing conditions. MLR
found that screw speed, feed rate, moisture content, and the time waited to take measurements
from the screw speed bump up to be significant suggesting issues with material drying out or the
extruder still reaching equilibrium. Temperature of the dies was not found to be significant
probably because the temperature of the dies can be expressed as a dependent variable of the
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significant variables. In addition, the slopes and intercepts were found to be linear functions of
the ratio of RPM/Temperature for Ponrajan’s data at each individual moisture content. The
functions accurately approximated the flow curves however were extremely different for each
moisture content making applying this term to a model difficult.

However, this gave the idea to

apply shifts to the inline data by choosing a reference temperature for the offline data such that
considering the offline data as a run of screw speed equal to zero would give temperature and
screw speed a linear function of each other. The data was then shifted to the offline data with the
intention to then apply the offline moisture shift to bring the data together. However, the rpm
shift was extremely different for each moisture, and 32.5% at 100rpms was not a good fit since
the feed rates used also needed to be a linear function of screw speed, which for 35% and 37.5%
they were to some degree, but not at 100rpms for 32.5%. This led to the idea to first apply a feed
rate shift at each rpm choosing the reference feed rate at each screw speed such that by assuming
the feed rate for the offline would be 0 and the rpms would be 0 would make screw speed and
feed rate as functions of each other. The offline temperature reference was chosen as such to
make temperature and rpm a linear function as done with Ponrajan’s data. The curves were then
shifted to the offline data, which would then be shifted together by applying the offline moisture
shift. Unfortunately, the 32.5% data at high rpms had too much scatter to complete the shifting
for 32.5%, so the data was shifted completely for 35% moisture and 37.5% moisture only.
Figure 4.4.1 shows the completely shifted data giving promise to this method.
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Figure 4.4.1: Completely shifted data of all the offline (Ponrajan’s) and inline (this work) data for 35%
and 37.5%. Offline data was shifted to a reference temperature of 95C. Feed rate was shifted to a
reference feed rate of 20, 40, and 60 g/30 seconds for 100, 200, and 300 rpms. The rpms were shifted to
the offline shifted data for each moisture content referring to it as 0 rpms. The moisture curves were
shifted to 35% w.b.

The viscosity model is given in equations 4.5-4.11.
Ln (Viscosity*aT0) = -.7763*Ln (SR*aFR*aRPM*aMC) +10.981

Equation 4.5

aFR= -.0074*(FR+B) +.9812

Equation 4.6

B= -.216*(RPM+C)-1.2765

Equation 4.7

C= 1.0131*MC-35.457

Equation 4.8

aRPM= .02555*RPM+1.008

Equation 4.9

aMC = .0389*MC-.3611

Equation 4.10

aT0= .0255*T-1.4428

Equation 4.11
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where temperature is in Celsius, screw speed is in rpms, feed rate is in g/30 seconds, and
moisture content is the whole percentage not a decimal. Once again be careful when using
percentage in excel as it will calculate the percentage as a decimal which is incorrect for the
model given. Note that the shifting should be used very cautiously because the flow curves
change slope with increasing feed rate, moisture, and screw speed. In addition, the dies had
different operating temperatures, which were not accounted for in these shifts as the larger die
temperature was assumed for both dies. However, these issues could be accounted for in future
models that have a rheometer that accounts for entrance effects and is temperature controlled.

The next idea was to apply the offline shift to the inline data and then apply a shift with screw
speed demonstrated by Figures 4.4.2 and 4.4.3.
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Figure 4.4.2: Shifted data for this study. The data was shifted with screw speed such that the offline data
value for aRPM was fixed to be one.
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Figure 4.4.3: Ponrajan’s inline data shifted with the offline data. The orange line is what the model
predicts.

The new model that includes the inline data is expressed in Equations 4.12-14. Equation 4.13 is
the shift equation for this study and Equation 4.14 is the shift for Ponrajan’s data.
Ln (viscosity) = -.7783*ln (shear rate*aM*aT*aRPM) +10.761

Equation 4.12

aRPM = .0077RPM

Equation 4.13

aRPM= RPM*(-.144*MC%+.0586) +4.888*MC%-1.6994

Equation 4.14

Where MC is expressed a decimal. Note for Ponrajan’s data the rpm shift factor’s slope and
intercept was expressed as a function of moisture. This proved to be more accurate than
applying a moisture shift for the RPM shift factor. In addition, this study’s RPM shift factor
could be expressed as a function of moisture as well however; the result would most likely be a
mix of Figure 4.4.2 and 4.4.3. Note the shifting methods described earlier that were not
completed for 32.5% as well showed to be more promising in generating a characteristic master
curve. A feed rate shift was attempted to Figure 4.4.2, however proved too difficult and
dysfunctional. This suggest that making a uniform feed rate shift for every moisture content and
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screw speed suggested by the promising earlier method to be done first in order to be applied.
Also, the offline shift may not be appropriate to apply to inline data and a new overall shift
should be applied as the earlier methods did.

Next exponents were fitted to the shifted data in hopes to straighten out the tail end where the
inline data tends to flatten out the curve. The new fitted data is displayed in figures 4.4.4 and
4.4.5. The method shows potential, however the hypothesis remains that the curves are not
appropriate to shift together due to increased shear and temperature occurring in the extruder
causing starch degradation, which results in a different material in the extruder than the offline
rheometer.
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Figure 4.4.4: This Study shifted using exponents on the shift factors. The shift factors reversed the
offline shift on the offline data.
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Figure 4.4.5: Ponrajan’s data shifted using exponents. The method shows promise, but the flattening
and scatter in the data is still noticeable.

The next idea was to apply the offline shift to this study’s data and then at a constant viscosity
find the amount of additional shear rate needed by the offline rheometer operated at the same
moisture and temperature to obtain the same viscosity. Unfortunately while there does appear to
be a pattern at certain conditions, the amount of variables involved and complexity of the
differences have not yet been able to be modeled or separated out except for that as shear rate
decreases the differences funnel into zero from a cloud. Also at each testing condition, the
difference is linear with shear rate, but does have a lot of scatter. It is thought that shear, not
shear rate is additive. However, residence time in the extruder is needed to find the shear from
shear rate.

The next idea was to find what the difference in viscosity at a constant shear rate was from
offline to inline. The offline models (Harper and Master Curve) along with inline operating
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conditions and die shear rates were used to predict the viscosity in the die and are shown in
Figures 4.4.6 and 4.4.7.
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Figure 4.4.6: Natural log plot of viscosity vs. natural log of shear rate. The predicted viscosity was
found using the Arrhenius, power law model shown in Equation 4.

12

10

Ln Viscosity

8

6

4
Ln Measured Viscosity
2

LN Shift Predicted Viscosity

0
0

1

2

3

4

5

6

Ln Shear Rate

Figure 4.4.7: Natural log plot of viscosity vs. natural log of shear rate. The predicted viscosity was
found using the superpositioning model shown in Equations 1-3.
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Next, the difference in viscosity was found at each point and the difference was plotted against
the shear rate at the dies in Figure 4.4.8. The resulting plot had the same characteristic behavior
as the nonlinear offline data suggesting that the difference could be modeled in the same form as
the predicting equations. Since shear rate is constant in the differences, additional shear stress
occurring in the extruder is what is being fitted. Shear stress is thought to be additive. Also, it is
thought that the max shear stress achieved is what determines the level of starch fragmentation
(van den Einde, 2004). In addition, the lack of Bagley correction leaves a certain amount of
shear stress for each capillary die that is unaccounted for. Therefore, the differential shear stress
that is being modeled is thought to encompass both the max shear stress achieved in the extruder
and additional pressure loss not accounted for at the die. The reasoning to model it using the
same model characteristic is that the shear rate in the capillary dies is dependent upon screw
speed and feed rate along with the temperature generated which is also dependent upon the
moisture content. Also all these variables determine how much friction will occur which will
cause the max shear stress observed.
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Figure 4.4.8: Viscosity difference plotted vs die shear rate. The curve characteristic is the same as the
offline data for the Arrhenius model type.
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The model was linearized and solved for using MLR to give the overall model for the Arrhenius
type in Equation 4.15.
µ = 298.885*e(3218.34/T)*e(-.09497*MC)*SR(.22148-1)-14518.5*e(1616.2/T)*e(-.07836*MC)*SR(.02002-1)

Equation 4.15

Where T is in Kelvin and MC is a percentage expressed as 37.5 for 37.5% moisture for example.
Figure 4.4.9 compares the predicted model by Equation 4.15 to the measured data. The average
error was 13.771% with a max error of 63.1%. The standard deviation was 11.66%. 68% of the
points were below 26% error and 95% were below 38% error.
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Figure 4.4.9: The predicted data and measured data linearized. The model predicts the thickness of the
scatter better than any other model tried.
The same idea was applied to the master curve model except the difference in the natural log of the data
was taken and then the exponential of that difference was fitted. The ratio of the predicted to the
measured was fitted so a shift factor can be applied. That ratio or rpm shift factor was fitted using a
moisture and temperature shift factor. The big difference here is an additional shift factor for shear rate
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was not applied however shear rate must be multiplied by the shift factors again, which is demonstrated in
Equations 4.16-4.19.
Ln (µ) = -.7783*ln (SR*aT*aM) +10.761-(-.11572*ln (SR*aT2*aM2) +1.723374401)

Equation 4.16

aT2 = .08799*T-.301884

Equation 4.17

aM2=16.343*(MC+b)-4.04

Equation 4.18

b = -.0006947*T+.038975

Equation 4.19

where T is in Celsius and MC is in the decimal form. The model comparison is in Figure 4.4.10.
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Figure 4.4.10: Superpositioning model comparison of predicted in orange compared to what was
measured in blue. The measured still has a lot of scatter that was not accounted for in the fitting.

The model does well at predicting the core, but fails to account for the scatter which could be
due to lack of account for feed rate by the shift error term not accounting for shear rate as the
Harper model form did. The average error was 20% with a max of 109%. The standard
deviation was 20% making 68% of the data within 40% error and 95% of the data within 60%.
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4.5 Conclusion
Overall, the offline data was used to predict the inline data in a number of different ways. The
most promising ways were by modeling the error between the Harper offline model and the
inline data in the same form as the offline model. The fact that this is possible suggests that there
is an additional shear stress in the extruder, or end effects that are unaccounted for in the offline
model which are dependent upon temperature, shear rate at the die , and moisture content. Note
that shear rate at the die is a function of feed rate, and screw speed. Another promising method
was to shift the data to the offline data using linear reference feed rates and temperature with
screw speed. Unfortunately, the methods are still highly empirical and still require an extensive
amount of inline experimentation to generate models. In addition, data with less scatter and that
has end effects accounted for is needed to better separate flow behaviors, and understand what
the real shear stress difference is in the extruder. Finally, residence data is still needed to be able
to account for the total shear and not purely shear rate at the die.
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CHAPTER 5. MODELING A SINGLE SCREW EXTRUDER WITH INNER
RESTRICTIONS

5.1 Introduction
Extrusion is simple idea that has very complicated behaviors especially when applied to
heterogeneous mixtures that can degrade and react under shear and thermal energy such as cereal
grains. It has been discussed in great lengths the importance of melt viscosity in extrusion as
well as the importance of modeling to predict what may happen to better understand mechanisms
that can aid in scale up design or predicting operating conditions. A model that can predict the
final melt viscosity, temperature rise, pressure gradient, and velocity profiles in an extruder can
save extensive research time. In addition, to accurately predict extrusion outputs based off a
given set of conditions can unlock a completely new way of design. Understanding what is
happening in an extruder can shed light into the complex behaviors and mechanisms that occur
giving rise to possible new applications as well as increased efficiencies. Along with
complicated behavior that occurs during extrusion, extrusion can have complex geometries that
can create curvature effects making it difficult to model. Thus, it is best to start by simplifying
the model and then reiterating to take away the simplifications as one better understands the
problem.

5.2 Extruder Modeling History and Methods
At a symposium in 1953 with extrusion application beginning to grow, a group of researchers
reviewed the current theory behind extrusion. Basic concepts were reviewed as well as the
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current methods to scale for extrusion design. Equations were given for approximating power
and torque as well as ways to model and predict all types of flows. (Carley, 1953)

It was accepted that there are four flows occurring inside the extruder: 1.The flow down the
channel of the flights called drag flow, 2. the transverse flow at 90 degrees to the flow down the
channel, but still inside the channel, 3. pressure flow or back flow up the screw channels caused
by the pressure build up due to restrictions, and 4. leakage flow between the barrel and screw
clearance caused by wear and tear. (Carley, 1953) Considering the different flows is the first
place to start when modeling the flow through an extruder.

The theory for extrusion at the time, which is still commonly used today as a starting point, is
called Simplified Flow Theory. The theory looks at the screw as an unwound channel with
barrel moving while the screw is fixed. The overall net flow is equal to the drag flow-pressure
flow- leakage flow. However, leakage flow is usually neglected. The effect of the screw
channel walls on the velocity distribution is usually neglected. The assumption was said to work
for shallow screws with a ratio of channel width to depth or more for an error less than 10%.
(Carley, 1953) Over the next 20 years researchers attempted to increase the accuracy of the flow
theory for various types of screw ratios as well as expand the model to the feed and transition
sections. In 1973, the models were rearranged into a more applicable form and were evaluated
by data from a Brabender extruder. It was noted that the modeled equations could be used as a
first approximation, but need to be carefully considered since food is non-Newtonian and the
viscosity information was challenging to obtain. (Harman, 1973) The group followed up with
more experiments in 1974 and found that the non-Newtonian effect could be greater for deep
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channels and had large errors between results in data, but stated multiple possibilities for the
errors such as incomplete screw fill (Harman, 1974). Models continued to grow and be
evaluated over the years as researchers attempted to better understand the mechanisms occurring
during food extrusion. Viscosity models were becoming more accurate as discussed in previous
chapters. Also, researchers started to try applying models that accounted for mechanical
degradation by trying to predict average shear stress and rate applied although it would later be
suspected that it needs to be maximum shear stress (Davidson, 1984). Then Li and Hsieh
decided to switch the boundary conditions applied of fixed screw and rotating barrel to the
correct conditions of rotating screw and fixed barrel. At the time, the simplified flow theory was
being used incorrectly and the assumptions made for the model were being neglected resulting in
large errors. The new model assumes that the screw root is the velocity to be used and not the
screw tip. The screw curvature is assumed small so the channels and barrel can still be
unwrapped. The flow is laminar, isothermal, the fluid is Newtonian, the fluid is incompressible,
gravitational forces are negligible, the flow is fully developed, there is no slip at the wall, and the
velocity in the direction of screw to barrel (vertical y-direction) was said to be zero. The
conditions are the same assumptions for the most part as the original flow theory except now the
velocity at the barrel is zero and the velocity occurs at the screw root. In addition, the screw
channel walls have a velocity that is a function of distance from the screw root in the vertical
direction, which results in a nonhomogeneous partial differential equation that was split into two
ordinary differential equations with different boundary conditions to be solved by Fourier sine
limit series. The result was more accurate and was evaluated at constants of large aspect and
small aspect ratios, but not intermediate. The model also accounted for leakage flow, but do to
an inability of measure leakage flow; it had to be set. (Li, 1994). The model was then resolved
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using another mathematical method that converted the partial differential equations into more
algebraic equations with integrals in which the motion of screw flights was taken into account in
the boundary conditions. The new solution appeared to be more accurate and was validated at
intermediate aspect ratios. However, it was noted that for low values of the curvature ratio, the
shear rate may increase dramatically causing large deviations from real data especially if the
fluid is non-Newtonian. (Alves, 2009). The current flow theory is more accurate than the
simplified flow theory, but involves complex equations and intense math to solve and use which
is why most models still start with simplified flow theory. Also, the use of computers have
begun to be used to solve the complicated problem that requires intense mathematical analysis.

Computers along with numerical solving methods such as finite elements methods (FEM) have
been used more and more in the past 30 years or so. Finite element is a solving method that
takes the answer of an equation subtracted by the equation integrated over the volume and set to
zero. What the method does is try to set the residual error from the true solution and analytical
solution to zero. Different elements with different geometries can be used along with different
weighting functions depending on the solving method used. The method breaks a surface up into
a grid of elements in which the values desired are solved for at each element node allowing one
to solve more complicated equations with limited error that current math theory struggles with.
FEM was used to model pasta extrusion in 1995 and compared to data along with simpler models
such as Simplified Flow Theory. They used a computer software developed for FEM and
assumed 2D flow in cylindrical coordinates. FEM showed that neglecting wall side effects and
channel curvature could induce errors higher than 50% on flow rates. The issue with using FEM
at the time was that it required large computer facilities and computation time. (Le Roux, 1995)
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However, computers have become more powerful since then. In addition, more numerical
solving methods and software have been developed under the FEM umbrella. FEM coupled with
the Newton-Rhapson method, which is an iterative method, needed to solve nonlinear equations
was used in a software called Polyflow to analyze fluid dynamics in the extrusion system
(Ficarella, 2006). The development of numerical methods and increased computation power is
bridging the gap between models and actual data. Methods to accurately model a particular
extruder have been suggested and include the necessity of understanding melt viscosity and shear
stress influence on starch degradation (Zhao, 2011). However, the first analytical model to
account for an extruder with inner restrictions was not created until 2016 (Ponrajan, 2016).

The analytical model looks at one section in the extruder consisting of a screw flight and inner
restriction. The simplified flow theory was applied along with added boundary conditions to
analytically solve the problem. The model is a great place to start in modeling the extruder, but
needs to be furthered by reiterating and slowly taking away the simplifications in the problem
using numerical methods such as FEM coupled with the Newton-Rhapson Method.

5.3 Objective
The objective is to further the current analytical model for an extruder with inner restrictions
using FEM. FEM was to be validated by solving the analytical model with FEM code in
MATLAB and comparing. The model is to be then reiterated to include flow in the vertical
direction using FEM.
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5.4 Model Development
Ponrajan developed an analytical model in which his model was rederived under slightly
different conditions due to inconsistencies between the derivation and what was published. The
model looks at the screw as a long unwound continuous channel. The top is the barrel and is
assumed to be moving with a constant velocity V in the z direction. The model then assumes
that there are two regions: the screw elements, and inner restrictions that are modeled as a step
change. The velocity profiles are solved for in both sections by assuming that the dimensionless
velocity at the dimensionless height of one is one and at dimensionless height of zero
dimensionless velocity in the z direction, which is in the direction down the channel, is zero.
Only velocity in the z direction is considered. The velocity is assumed to only vary in the x
direction, which is the gap between the screw and barrel. The setup can be better understood
from Ponrajan’s dissertation or Figure 5.4.1.

Figure 5.4.1: Shows set up of the assumed system. Taken from Ponrajan’s dissertation. Note all
parameters are then converted into dimensionless units, which can be seen in Ponrajan’s work.
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The dimensionless Navier-Stokes equation for each section can be seen in Equation 5.1 where k
is 1 or 2 depending on the region. Equations 5.2 and 5.3 are the resulting velocity profiles. The
pressure drops in each region are solved for by setting them equal to the total dimensionless
pressure variable through ratios and then solved for by mass balance at the interface of region 1
and 2.
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Equation 5.3

Next, the analytical model proceeds to solve for the dimensionless heat equation by assuming
that the temperature change is linear in the Z direction. It is assumed that the material comes in
at an average temperature of T0 . There is a heat flux leaving the top of the surface, which is q1
and another entering the bottom surface q2. At the interface of the two regions, it is applied that
the heat flux coming in is equal to the heat flux leaving. It is assumed that all thermo-physical
properties are constant throughout the two regions along with the heat fluxes except for
viscosity, which a power law behavior is assumed as a function of the gap height that was
empirically found in the previous studies and elaborated more in Ponrajan’s dissertation.
Ponrajan did the derivation originally, however it has been modified to apply an average
temperature entering as the boundary condition instead of a total energy balance. The equations
for the first region and overall boundary conditions are listed in Equations 5.4-5.14.

Equation 5.4
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Equation 5.5
X = 1 -𝑘𝑘 𝑑𝑑𝑑𝑑 = 𝑞𝑞1

𝑑𝑑𝑑𝑑

Equation 5.6

X = 0 -𝑘𝑘 𝑑𝑑𝑑𝑑 = 𝑞𝑞2

𝑑𝑑𝑑𝑑

Equation 5.7

Z= 0 T=To

Equation 5.8

Z= interface ∫ 𝑉𝑉𝑧𝑧 𝐼𝐼 𝑇𝑇 𝐼𝐼 (𝑧𝑧 = 1)𝑑𝑑𝑑𝑑 = ∫ 𝑇𝑇 𝐼𝐼𝐼𝐼 (𝑧𝑧 = 0)𝑉𝑉𝑧𝑧 𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑

Equation 5.9

Equations 5.10&5.11

Equation 5.12

Equation 5.13

Equation 5.14
a1 is solved for using the heat flux conditions and c1 is solved for using the initial average
temperature for region 1. Region 2 is similar except the unknown constant c2 in that region is
solved for using the continuity at the interface condition. A FEM model was conducted using
the exact same conditions as the analytical model described above. The only difference was the
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FEM model solves for the temperature profile at the inlets of both regions and then applies the
constant over the length to get the exit since dimensionless temperature is defined in Equation
5.15.
𝑇𝑇−𝑇𝑇0
𝑇𝑇0

= 𝜃𝜃(𝑥𝑥 ) + 𝑎𝑎𝑘𝑘 𝑍𝑍

Equation 5.15

Also since the heat flux terms were used to find a1 and a2 in the analytical models their value
were not assumed, but solved for in the models calculation by applying the fluxes as boundary
conditions. The residuals and Jacobean matrix are of the form shown in Equation 5.16.
𝑑𝑑𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

�𝑑𝑑𝑅𝑅

𝑑𝑑𝑑𝑑

𝑇𝑇0𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑

𝑑𝑑𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑑𝑑𝑎𝑎𝑘𝑘

0

�

𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
∆𝜃𝜃
=
∆𝑎𝑎𝑘𝑘 𝑅𝑅 𝑇𝑇0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Equation 5.16

Note for region 1 at the first nodes at z= 0 the To constraint was applied and the temperature
continuity equation was applied for region 2. Table 5.4.1 records the values of a1 and a2

Table 5.4.1 The values for a1 and a2 solved for by both models.

Analytical

FEM

a1

4.32662

4.3266

a2

13.17989

13.1799

The dimensionless q1 heat flux was assumed to be .01; q2 was set equal to zero. Br1 is .75 and
Br2 was Br1*viscosity ratio which was found using the power law behavior of the gap size. A
ratio of B2/B1, which are the gap heights from regions 1 and 2, was set to .5. The length (L1) of
region 1 was set to one and the length of region 2 was set to .1. For simplicity the rest of the
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constants were set to one. Figures 5.4.2-5.4.13 show that the FEM model generated the exact
same profiles as the analytical model under the same conditions.
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Figures 5.4.2&5.4.3: The velocity profiles in region 1. Both axis are dimensionless units.
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Figures 5.4.4&5.4.5: Velocity profiles in region 2. Units are dimensionless for both axis.
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Temperature Region1 Interface Analytical
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Figures 5.4.6-5.4.9: Dimensionless temperature profiles entering and leaving both regions. Note that the
average dimensionless temperature was specified for entering region 1 which why there is a possibility
for negative values.
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Temperature Region1 Interface FEM
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Figures 5.4.10-5.4.13: The dimensionless temperature entering and leaving both regions generated using
FEM. Note the curves are identical to the analytical solution.

The curves show the FEM is capable of solving for the correct results under the same conditions
that an analytical model is applied. Also, the temperature from region 1 to region 2 jumps and is
discontinuous at the interface. This is because it is assumed that the energy coming in is the
same to the energy coming out. Region 1 is much larger in the x direction than region 2, but all
the energy is assumed to transfer into the next region, which is why the temperature spikes. The
error is due to the assumptions along with the velocity profile in region 1 miraculously all fits
into the second region without any flow occurring in the x direction. The heat equation was next
resolved assuming that the heat flux entering and exiting at the interface along with the
temperature continuity at the interface to be equal. Figures 5.4.14 and 5.4.15 show the new
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temperature profiles for both regions. The temperature is not linear in the z direction as assumed
previously. In addition, the temperature oscillates in the z direction from high to low because
constant q1 was applied for the entire region, which is over predicting the amount of heat that
would be leaving along the region as the q1 would change with Z as well. In future calculations
the model needs to be adjusted to make q1 a function of the surface temperature. The residual
equations and the Jacobian matrix will change with an extra surface integral at x=1. The linear
assumption appears to over predict the exit temperature by a magnitude of one dimensionless
temperature unit, which is about a 40C difference if To is 20C. In addition, the new FEM
computation assumes that To is the inlet temperature not the average. All models solve for one
section consisting of one screw element and one step change.
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Figures 5.4.14-5.4.15: Dimensionless temperature profiles for both regions. The temperature decreases
as x increases since the max shear stress occurs at the assumed stationary screw.

Next, a 2-D model is assumed such that there is flow in the X and Z directions. Equations 5.17
and 5.18 show the new heat equation and Navier-Stokes Equation. Figures 5.4.16 and 5.4.17
show the new assumptions.
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𝑅𝑅𝑅𝑅(𝑣𝑣 ∙ 𝛻𝛻𝛻𝛻) − 𝛻𝛻 ∙ 𝑇𝑇 = 0

Equation 5.17

𝜌𝜌𝜌𝜌𝜌𝜌(𝑣𝑣 ∙ 𝛻𝛻𝛻𝛻 ) = 𝑘𝑘𝛻𝛻 2 𝑇𝑇 + 𝜇𝜇𝛷𝛷

Equation 5.18

𝑣𝑣𝑧𝑧 = 1
𝑣𝑣𝑥𝑥 = 0
𝑇𝑇𝑧𝑧𝑧𝑧 = 0
𝑣𝑣𝑥𝑥 = 0

𝑣𝑣𝑧𝑧 =x
𝑣𝑣𝑥𝑥 = 0

𝑣𝑣𝑧𝑧 = 0
𝑣𝑣𝑥𝑥 = 0
𝑣𝑣𝑧𝑧 = 0
𝑣𝑣𝑥𝑥 = 0

Figures 5.4.16: Demonstrate the velocity assumptions for the new 2-D model.
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Same as before
T1=T2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
−𝑘𝑘1
= −𝑘𝑘2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

T=To

𝑑𝑑𝑑𝑑
=0
𝑑𝑑𝑑𝑑

Same as before

Same as before
Figures 5.4.17: Demonstrate the temperature assumptions for the new 2-D model. The model gives a
theoretical max temperature rise.

The entire viscous dissipation term and conductive term, which involves second order
differentials in the z direction along with the x direction, are included in the model which means
there needs to be another boundary condition at the exit of region 2. The models assumes the
exit of region 2 is perfectly insulated which means the models solves for an upper bound
temperature rise in the x-direction.

Figures 5.4.18 and 5.4.19 show the resulting streamline functions while Figure 5.4.20 is the
velocity vector field for comparison purposes to previous work done which is shown in Figure
5.4.21. Figure 5.4.22 is the velocity vectors for region 2.
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Figures 5.4.18&5.4.19: The streamlines for region 1 and 2. Notice the backflow that is occurring where
the material hits the inner restriction.

The conditions used to solve for these solutions were Re= 0 to be able to compare to analytical
work previous done using creeping flow model that was done by Higdon in Figure 5.4.21. The
streamlines were found using another method that applies FEM. More streamlines could have
been plotted, but the amount of data that it required overwhelmed Microsoft PowerPoint and
Word. Also, note this is only one section of the extruder and the model takes about 2-4 hours to
run depending on the number of elements used.
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Figure 5.4.20: The velocity vectors in region 1. Notice at Z=1 the inner restriction is reached.

Figure 5.4.21: Results from Higdon, J. (1985). Stokes flow in arbitrary two-dimensional domains: Shear
flow over ridges and cavities. Journal of Fluid Mechanics, 159, 195-226.
doi:10.1017/S0022112085003172.
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The streamlines and velocity vectors calculated from the FEM model demonstrate the same
characteristic found by Higdon when he approximated shear flow over a step at creeping flow.
The velocity vectors also show that the velocity is at a max in the middle of the gap at the
interface of the step change since the fluid is being forced into to a smaller region while the
velocity at the barrel surface has remained constant.
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Figure 5.4.22: The velocity vectors in the second region. The vector magnitudes show a max velocity
around .8 since there will be an optimum low shear stress away from both walls since the velocity is
greater than the barrel velocity.

Next Figure 5.4.23 and 5.4.24 show the temperature profile now that flow is assumed to be 2-D.
In addition, Figures 5.4.25 and 5.4.26 show the predicted pressure profiles for the assumed
conditions.
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Figures 5.4.23&5.4.24: The temperature profiles for both region. The temperature maxes at the step
change

The temperature profiles show that exit temperature is another dimensionless unit less than the
previous model that assumed the velocity was constant in each region and temperature is not
linear.
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Pressures Region I
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Figure 5.4.25: The pressure profile in region 1. Notice the pressure increase at the wall of the step
change and drops at the opening.
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Figure 5.4.26: The pressure profile in region 2. The pressure increases a lot at the top corner of the step
change followed by a sudden pressure drop.
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The pressure profiles make sense due to the pressure would drop right after wall as the fluid is
forced up and around the edge which creates a vacuum to allow the fluid to collapse back down
and stabilize out into a 1D flow. The pressure then appears to increase at the corners at the end
of the step change since the flow, which was flowing over the step change, is now being pushed
off the wall. The effect is similar to water flowing over a rock. Once it flows over the rock, the
fluid drops and continues in that direction until it hits another force such as water, another rock
or the riverbed as it continues to flow downstream. The model does not consider what the fluid
flows into next, which once the rest of the sections are added may change the pressure profile at
the exit. It only assumes that the flow is only occurring in the z direction at the exit and that the
normal stress in the z direction is zero.

5.5 Conclusions
Overall, the FEM model over one screw section was generated and showed the correct creeping
flow characteristic for 2D flow with a step change. FEM showed that the same solution could be
generated as an analytical one done under the same conditions. Two iterations of modeling were
done that showed the temperature profile in the z direction is not linear and that flow in the x
direction (vertical direction) should not be neglected. Finally, FEM was able to generate
pressure profiles that make physical sense and velocity profiles that agree with previous work.
The model can now be used to better understand how flow will change as creeping flow is no
longer considered. The model shows vast improvement; however, boundary conditions that are
more realistic need to be applied for the heat flux entering and leaving in the x direction. In
addition, more realistic parameter values are needed for the thermo-physical properties that
change with temperature. Doing so will greatly change the Jacobian matrix and residuals. Also,
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it will cause the heat equation and Navier-Stokes equation to be in the same Jacobian, which is
nonlinear. The coupling of these equations will cause the number of nodes and elements that can
be used to drop due to the amount of elements already has maxed out MATLAB’s storage
capacity for one array. Overall doing so will cause the computation power needed to greatly
increase as well as the storage capability. Once this is successfully done then the model needs to
be applied over the entire screw, which once again will increase the number of elements needed.
Overall, a lot of work has been done to show the potential if the project is continued in the
current direction.
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CHAPTER 6. FUTURE WORK

6.1 Offline
The offline work as mentioned has a lot of room for improvement. The data lacks a proper
correction for end effects. It is recommended that the other dies should be used to get more
points on the Bagley plot to better approximate the end effects. Dies with a small L/R ratio
especially would be better to approximated end effects. Next dies with smaller diameters are
recommended to be used to obtain higher shear rate at lower piston speeds to help reduced some
of the scatter in the data at higher shear rates. It would also help to find O-rings that can with
stand the testing experiments to ensure a complete seal. The current test procedure includes a 10
minute hold time, however it would be interesting to understand the effect of hold time on
viscosity by running experiments at different hold times and then analyzing the samples using
the RVA or DSC. Also, it would be more appropriate to use a shorter hold time in the
experimentation to better mimic the thermal energy. Understanding the thermal energy and the
difference in viscosity will allow one to better understand the differences in shear that are
occurring. Next, it is desire to run experiments at higher temperatures and higher shear rates that
better correlate to the extruder. Finally, it is desired that more analysis to be run on the offline
extrudate to better understand what viscosity corresponds to which amount starch conversion and
molecular weights.

6.2 Inline
The inline work also has a lot of room for improvement. It is desired to have a full factorial
design that tests different moisture contents, feed rates, and screw speeds as well as repetitions.
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Multiple works have been done previously, but it is desired to understand the statistical
significance as well as have conditions that better relate. It could be tested to run various
experiments at constant screw degree fill and SME to see if these methods will give the same
temperature rise and thermomechanical history to use as mechanisms for varying shear rate in
the dual orifice die. It would also be advantageous to try other dies to evaluate end effects and
die favoritism happening during extrusion. It would be recommended however to switch from
the dual orifice die method to a temperature controlled rheometer that can vary shear rate while
maintaining a constant pressure at the die if the funds are available. Also along with the full
factorial design, more analysis should be run on the extrudate and extrusion operation. Pressure
transducers that are trusted should be used to measure the barrel profiles. Tracers of some sort
should be used to evaluate the residence time distribution for each condition. The pressure
transducers along the barrel can be removed to take samples along the barrel to understand how
starch transforms along the barrel. DSC, RVA, SEC, and MALS can be used to better quantify
the transformation occurring to the starch along the barrel and at different conditions to better
relate offline to inline. In addition, it will help in the understanding of how viscosity changes
with starch structure. Also, different materials and cereals other than corn grits can be used. It is
possible to run different compositions such as materials with higher oil or fiber content to see
their effect on extrusion. It may be possible to find actual conditions of initial viscosity and
relate them to how the extruder will perform at a given set of conditions. There are also other
processing parameters that can be tested such as screw build or particle size of the feed.
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6.3 Offline to Inline
Once new data has been collected that hopefully has fewer errors, better comparisons should be
attempted. The analysis of the extrudate should be compared understand the differences that are
occurring to the starch due to shear and be used to relate back to viscosity. A viscosity model
that predicts the amount of starch conversion based on temperature, shear rate, moisture, and
SME/RPM is desired. Other parameters such as residence time should be evaluated for
modeling purposes. In addition, the difference in shear and viscosity should be better understand
and modeled once end effects no longer are an issue. Overall with the new data, multiple
approaches such those mentioned (and others that are found) should be used to model the
viscosity of the melt as it relates to inline processing parameters from offline data.

6.4 FEM Model
The model is still early in its design stage. Currently, it keeps all physical-thermal properties
constant during extrusion. In addition, it accounts for 2-D flow over one section in the extruder
while still requiring 4 hours to run. The model needs to be expanded to cover the entire extruder
and die. However, the first things that need to be done to the model is to apply a viscosity model
and other models to properties of the melt that are now being held constant. In addition, the
boundary conditions of the simplified flow theory need to be updated to account for the screw
and flight rotation. The heat fluxes need to be updated from an average heat flux to one that
changes as the extruder surface temperature changes. Once all this has been achieved and the
entire extruder has been considered as well as the die, then the model should be evaluated to
understand the amount of error that is still occurring. After that, the model needs to be updated
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by possibly switching coordinate systems so the screw no longer is considered as an unwound
channel. Also, the barrel grooves can be accounted for and the restrictions can be better modeled
according to their true geometry and the flow can be updated to 3D. Eventually, it is desired that
all four flows occurring during extrusion are modeled and not just the main two. Finally, it is
desired to design the model such that the screw geometry, along with the processing parameters
such as moisture content, feed rate, or screw speed can be easily changed so people with limited
coding experience can use the model easily. This will make the model a true design tool once
validated, but also may require the model platform to be switched from MATLAB to some type
of C programming due to the long computation time and lack of storage capacity in MATLAB.
The next iteration for the model has been completed, but there are still many more to go to take
the model to the end goal.

